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PREFACE TO THE FOURTH 

EDITION 


I HAVE taken the opportxmity afforded me by the demand for 
a new edition of the Manual of Physics to make some further 
additions to the text. In view of the almost universal use 
of alternating current a more detailed account of its pro¬ 
duction and transformation seemed to be called for, and this 
necessitated a rather more complete treatment of the laws of 
induction of current than had been considered necessary in 
earlier editions. The sections on X-rays have been largely 
rewritten, and an account of the phenomena of radioactivity 
and its theory has been appended. It is, of course, impossible 
to cover so large a subject completely in a few sections at the 
end of a book on general physics, but it is hoped that the 
portions of more immediate interest to the Medical Student 
have been adequately dealt with. A section on Osmotic 

pressure has been introduced, and other minor additions and 
alterations have been made. 

In order to avoid possible confusion the numbering of 

the sections and diagrams remains the same as in the earlier 

editions. New sections bear the munber of the preceding 

section with the addition of one or more asterisks ; new 

diagrams, that of the preceding diagram, with a letter affixed. 

/ < 

J. A. C. 


February 1936. 
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PREFACE TO THE FIRST EDITION 


My object in writing this Manual of Physics has been to 
provide a brief, clear, and orderly account of the fundamental 
facts and principles of Physical Science—an account which, 
while well within the comprehension of a student with no 
previous knowledge of the subject, should at the same time 
give an adequate and scientific presentation of the main 
outlines of the whole subject. I had in mind, in particular, 
the needs of our First Year Medical Students, many of whom 
take up the study of Physics for the first time when preparing 
for their First Medical Examination. Most teachers who 
have had to deal with such students will, 1 think, have felt 
the need of a Text-book, which, while avoiding the minuteness 
of detail of the numerous excellent advanced treatises (which 
only tends to confuse a student who has not too much time 
to devote to the subject), should yet be free from the 

“kindergarten” style of the very elementary works_of a 

f®*f"book, in short, which should be satisfactory from a 
scientific point of view without being too elaborate, and 
elementary without being childish. The present volume is 
an attempt to meet that need. 

While the subject-matter of the book will be found to 
cover the Physics schedules of the First Medical Examinations 
of the various universities and examining bodies, my one 
object in writing has been to implant a thorough and clear 
knowledge of the fundamental principles of Physics. The 
book may, therefore, be used with equal profit by any student 
beginning a serious study of the subject. It may perhaps 
be pointed out that the standard of the book is that of the 
now numerous examinations which are being co-ordinated 

vii 
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by the Board of Education under the general title of School 
Certificate Examinations, and which include, in addition to 
the examinations which go by that name, the revised Senior 
Local Examinations. From a considerable experience of 
the work done by candidates at these examinations, I am 
convinced that, while the candidates as a whole have some 
acquaintance with the elementary facts of the subject, their 
grasp of the principles is usually very weak. It has been 
my hope in writing this volume that it may contribute 
something towards removing this imperfection in our present 
science teaching. 

A few words may be added as to the arrangement and 
use of the book. It is very desirable, especially for beginners, 
that as far as possible nothing should be assumed that has 
not already been proved. This has in the main decided 
the order in which the different subjects have been taken. 
In general, the treatment of the various subjects follows more 
or less orthodox lines. No attempt has been made to rewrite, 
say, the subject of Optics from the standpoint of the Wave 
Theory, or of Electricity from the point of view of the 
Electron. Having had the opportunity of watching one or 
two experiments on these lines, I have no hesitation in saying 
that, however interesting they may be to the teacher, they 
are not a success from the point of view of the student. On 
the other hand, I have devoted considerable space to the 
subject of ^lechanics, as I am more and more convinced 
that a thorough grounding in this most fundamental of all 
the sciences is the beginning of all wisdom in Physical 
knowledge. 

Experience has clearly shown that the average student 
only begins to grasp the real significance of a physical 
principle when he is called upon to apply it to concrete, 
numerical cases. I have, therefore, added numerical examples 
to most of the chapters, to serve both as exercises on the 
principles and as a test of the accuracy with which they 
have been apprehended. In addition to these, I have also 
included a number of questions which have been set at 
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various examinations. In order to make them more useful 
for revision purposes, and also to avoid their being overlooked 
altogether by the student, I have arranged them according 
to their subject-matter, and distributed them at appropriate 
intervals throughout the book. It is hoped that the student 
will find time to work the whole of the examples given. 
They represent the minimum necessary for a real under¬ 
standing of the subject. A still larger number might be 
worked with advantage if time permits. Some of these 
will arise naturally in the course of practical work. Others 
can easily be found, if desired, among the examination papers 
published by the various examining bodies. 

Though it is hoped that the theory of all the experiments 
which are usually performed in an elementary laboratory 
has been included, I have not attempted in general to give 
detailed instructions for the performance of the experiments. 
No description, however lengthy, can be an adequate sub¬ 
stitute for the actual performance of the experiment by the 
student himself in the laboratory, or by the lecturer upon 
the lecture table, while the varieties which a given piece 
of physical apparatus assumes in the hands of its different 
manufacturers are so numerous that it is impossible to give 
detailed instructions which shall be applicable to all. The 
actual details of an experiment must depend upon the 
apparatus available and the personal preferences of the 
teacher. It is assumed that every student using this book 
has the opportunity of doing experimental work in a labora¬ 
tory under proper instruction. 

For the same reasons I have refrained from giving minute 
descriptions of apparatus in common use; and the figures, 
which have almost all been drawn specially for this work, have 
been designed to make clear not the outward form of the 
apparatus, but the principles on which it works, or which it is 
intended to illustrate. They have purposely been made as 
simple as possible, and all unimportant detail has been 
omitted, so that the reader might be able to realise at a 
glance what is and what is not essential in the apparatus. My 
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experience as an examiner has convinced me that this pre¬ 
caution is by no means unnecessary 

In conclusion, I wish to express my obligations to all my 
colleagues in the Cavendish Laboratory, whose views, ex¬ 
pressed in conversation or embodied in practice, have influ¬ 
enced profoundly my ideas on the teaching of Physics. In 
particular, my warmest thanks are due to Mr. T. G. 
Bedford, M.A., of Sidney College, Cambridge, for his great 
kindness in reading through the whole of the work in its 
manuscript form, and for his many valuable comments and 
suggestions, and to Dr. G. F. C. Searle, F.R.S., who has 
kindly verified most of the answers to the numerical examples. 
I also have to thank Messrs. W. G. Pye & Co. and Messrs. 
Baird & Tatlock for their kindness in supplying the blocks 
for Figs. 254 and 247 respectively, and the Cambridge 
University Press for permission to reproduce Figs, 220 
and 221. 

J. A. C. 


Cambridgb, August 1919. 
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BOOK I 

MECHANICS AND PROPERTIES 

OF MATTER 

CHAPTER I 
SYSTEMS OF UNITS 

1 . Physical Measurements.—The measurement of a length, 

such, for example, as the length of a cricket pitch, the length 

of a side of a room, and so on, is a familiar operation. To 

perform it we take a rod or a stretched string, and find out 

how many times the length of the rod or string is contained 

in the length we wish to measure. In order, however, that 

the result shall be available to people who have not access to 

our particular rod or piece of string, it is necessary that these 

should be of some definite length, which is generally accepted 

as the standard, and of which copies can be obtained at any time 

when required, or at any rate that it shall be some known 

fraction or multiple of such a standard. Such a standard may 

be called a unit of length. Supposing our measuring rod to 

have this unit length, and that it is found to be contained 

20 times in the length to be measured, then this length is said 
to be 2 0 units. 

The choice of a unit is perfectly arbitrary, and is settled 
by custom and convenience. In early times, lengths were 
measured by comparison with various parts of the human body. 
All that is required of a standard is that it shall be accurately 
reproducible and generally accepted. Unfortunately the 
latter condition has not yet been achieved, and two different 

sets of units are at present in use—the British and the 
Metric. 


1 
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2 . Units of Length.—The unit of length generally used in 
England is the yard. It is defined by Act of Parliament as 
follows: 

“ The straight line or distance between the centres of the 
transverse lines on the two gold plugs in the bronze bar 
deposited in the Office of the Exchequer shall be the genuine 
standard yard at 62® F.” 

Copies of this length, more or less exact, are made and are 
available in the form of yard sticks, yard rules, measuring 
tapes, and so on. Other measures of length, such as the inch, 
the foot, or the mile, are defined as being definite multiples 
or submultiples of the standard yard. Thus a mile is defined 
as being 1760 yards, while an inch is one thirty-sixth of the 
yard. 

There is, however, a second unit of length which has no 
direct connection with the yard. This unit, which is used 
on the Continent, and also almost exclusively in science, is 
known as the metre. 

The metre was defined by a law of the French Republic as 
the distance between the ends of a certain bar of platinum made 
by Borda, at a temperature of o® C. It was intended to 
represent one ten-millionth of the distance between the Pole 
and the Equator, measured along the meridian passing through 
Paris. The measurements on which the bar was made were 
subsequently found to be somewhat in error, but the length of 
the rod was not altered. Hence the metre is just as arbitrary 
as the yard. The great advantage of the metric system 
which has led to its adoption for scientific purposes is that 
the subsidiary units are all formed on the decimal system. 
Thus— 

z metre =10 decimetres. 

= 100 centimetres, 
ssiooo millimetres; also 
I kilometre = 1000 metres. 

The simplification in the arithmetical processes brought 
about by the use of the decimal system is very appreciable. 

The relation between the two arbitrary standards can only 
be ascertmned by a direct comparison of the two. It is found 
that— 

1 metre= 1*09361 yard. 

= 39‘37<^i* inches 
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Or, conversely, 

I inch=o*o254oo metre. 

==2*5400 centimetres, 

2 *» Measurement of Length. — Laboratory scales are 
usually divided into centimetres and millimetres. It is thus 
possible to read any length directly to the nearest millimetre. 
With practice and experience it is possible to estimate by 
what amount the length to be measured extends beyond the 
nearest graduation on the scale to an accuracy of one-fifih, or 
perhaps one-tenth of the scale division. This is done by sub¬ 
dividing each of the millimetre divisions mentally into five or 
ten equal parts, and estimating by how many of these imagin¬ 
ary divisions the length to be measured extends beyond the 
nearest scale division. It is found in practice that further 



subdivision of the actual scale, say into fifths of a millimetre, 
does not materially increase the accuracy with which the scale 
can be read. In order to obtain a more accurate measure¬ 
ment of length it is necessary to employ some mechanical 
device. Of these the most important are the vernier, and the 
screw gauge. 

The Vernier (Fig. la) is an auxiliary scale which is 
capable of sliding backwards and forwards along the main 
scale, as shown in the figure. In the simplest form of vernier 
the length of the vernier scale is exactly equal to nine of the 
smallest divisions on the main scale ; that is to say, if the main 
scale is divided into millimetres, the vernier scale will be 
9 mm. long. The vernier scale is divided into ten equal parts ; 
thus, each division on the vernier scale is exactly nine-tenths of 
the smallest division on the main scale. Suppose that the 
^mier lies along the scale in the position shown in Fig. j/ 7 . 
The scale reading for the position of the zero graduation of 
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the vernier lies between 3*2 and 3*3 cm. Looking along the 
vernier it will be noticed that one of the graduations on the 
vernier—the third in the diagram—coincides with one of the 
divisions on the main scale. 

Now the vernier divisions are i/ioth mm. shorter than 
those of the main scale. Graduation 2 on the vernier is thus 
r/ioth mm. beyond the nearest scale graduation, graduation i 
is 2/ioth mm. beyond its nearest scale graduation, and the 
vernier zero is thus 3/ioth mm. beyond the graduation 3*2 on 
the scale. The exact scale reading of the zero of the vernier 
is thus 3*23 cm. If coincidence had taken place at the eighth 
vernier division the reading of the zero of the vernier would 
clearly have been 3*28. Thus, to use the vernier, we find the 
number of the vernier division which coincides most nearly 
with some graduation on the main scale. The number on this 
division gives us the number of tenths by which the vernier 
zero lies beyond the division of the primary scale. In other 
words, it gives us the true reading to another place of decimals. 

More complicated verniers are sometimes met with. For 
example, a vernier may have a length equal to nineteen 
divisions of the main scale and be itself divided into 20 equal 
parts. It will then read in twentieths of a scale division. 
The applications of the vernier are best studied in the practical 
laboratory. 

The Micrometer Screw Gauge. —A screw can be used 
as a very delicate method of measuring small lengths. If a 
well-cut screw moves in a fixed nut it will advance a constant 
distance, known as the pitch of the screw, for each complete 
revolution. The pitch of the screw is the distance between 
successive threads measured along a direction parallel to the 
axis of the screw. Screws can be cut by machinery with a 
very fine pitch, and to a high degree of accuracy. Suppose 
that we have a screw with a half-millimetre pitch. Each 
complete revolution advances the screw bodily through the 
nut a distance of half a millimetre. If the screw is fitted with 
a fairly large head it is possible to divide the circumference 
of the head into, say, 50 equal parts. The rotation of the screw 
head through one of these divisions will advance the screw 
by i/5oth of half a millimetre, that is, i/iooth millimetre. 

The principle of the screw is applied, amongst other 
instances, in the form of the micrometer screw gauge. The 
construction is indicated by the sectional sketch in Fig. id. A 
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barrel-shaped nut N forms part of a rigid steel framework 
ABC. The head of the screw S takes the form of a hollow 
cylinder DE, with a bevelled edge which fits fairly closely 
over the barrel-shaped nut N. The subdivisions on the head 
are engraved on the bevelled part of the head, and are read 
against a line engraved on the nut parallel to the axis of the 
screw. A scale of half-millimetres is usually engraved along 
this line, to obviate the necessity for counting the complete 
revolutions of the screw. The difference between the reading 
of the instrument when the jaws FG are in contact with each 
other, and when they are closed down upon, say, a wire 
placed between them, gives the diameter of the wire. The 
spherometer is another instrument working on the same 
principle. 


E O 



Fio. lb .—The Micrometer Screw Gauge. 


3 , Measiurement of Areas.—A square figure, each side of 
which is one unit long, will enclose a definite area, which may 
be conveniently taken as a unit for measuring areas. Thus a 
square, each side of which measures i yard, forms a unit of 
area, and is known as the square yard. Similarly, from the 
other units of length we may derive units of area, such as the 
square foot, the square inch ; or, on the metric system, the 
square metre, square centimetre, and so on. 

Since there are loo cms. in i metre, the area of the square 
metre will be that of a square each side of which is i oo cms., 
t.e.f It will contain looxioo square centimetres, or 10,000 
square centimetres. Similarly, the square yard contains 3X3 
square feet. 

4 . Measurement of Volumes.—The unit of volume can also 
be made to depend directly upon the unit of length. Thus, a 
cube, each edge of which is i centimetre in length, will 
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contain a volume which we may call r cubic centimetre. 
Any other volume may be measured by finding how many 
times this unit volume is contained in it. Similarly, we may 
speak of a cubic metre, or, on the British system, a cubic yard 
or cubic foot. 


On the metric system a volume of looo cubic centimetres 
was popularly employed as the unit of volume. It was known 
as the litre. On the English system the most common unit of 
volume is the pint, with its various multiples. The pint is an 
arbitrary unit, and is not derived from the xmit of length. A 
litre is equal to 1*76 pint. 

5 . Measuremen't of Mass.—As there are two sets of units 
of length, there are also two sets of units of mass. 


The mass of a lump of platinum deposited in the Office of 
the Exchequer is the English unit of mass, and is called the 
pound avoirdupois. 


The mass of a certain lump of platinum made by Borda 
and kept in Paris is the unit of mass on the metrical system, 
and is called the kilogram. 


The pound is a traditional unit, and is perfectly arbitrary. 
The kilogram was intended to represent the mass of a cube of 


pure water, each side of which is 10 cms. long (J.e, a volume 
of I litre), at its temperature of maximum density. The 
gram, which is one-thousandth of the mass of Bordaks lump of 
platinum, is the unit of mass employed for scientific purposes. 
Its divisions, like that of the metre, are all decimal. Thus 


a decigram is one-tenth, a centigram one-hundredth, and a 
miligram one - thousandth of the gram unit. By direct 
comparison it has been found that i kilogram contains 
2*205 lb. 


Precise measurements have shown that the standard kilo¬ 
gram is slightly heavier than the mass of 1000 cubic centi¬ 
metres of water. As it would be very inconvenient to change 
the accepted standard of mass, it has been decided to re-define 
the litre as the volume occupied by a mass of one kilogram of 
pure water at its temperature of maximum density. The 
volume of the new standard litre is actually 1000-028 cubic 
centimetres. The millilitre (jnli) or one-thousandth part of 
the litre, replaces the cubic centimetre as the scientific unit 
of volume and differs from it by 28 parts in a million. By 
definition the mass of one millilitre of pure water at its 
maximum density is precisely one gram. The distinction 
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between the millilitre and the cubic centimetre is only 
significant for work of the highest precision. 

6 . The Measurement of Time.—The unit of time is the 
same on both systems, and is known as the second. The time 
from noon to noon is called a day. The actual length of the 
day differs slightly at different periods in the year. Its average 
value, which may be obtained from astronomical calculations, 
is caUed the mean solar day. The second is defined as 
saioo of the mean solar day. 

7 . Systems of Units.-—The three units of length, mass, and 
tune are called the fundamental units. When these have been 
settled, we can define in terms of them the magnitudes of all 
the other units necessary for our measurements. These latter 
are known, therefore, as derived units. Thus the unit of 
volume is a derived unit, being the volume of a cube each 
side of which has unit length. When the units of length, 
mass, and time have been fixed, they and all the units derived 
from them form a consistent set or system of units. The 
system in which all lengths are measured in centimetres, all 
masses in grams, and all times in seconds, is the one generally 
employed for scientific purposes, and is known as the centi¬ 
metre-gram-second or C.G.S. system of units. This system 
of units IS so important that an International Bureau of 
Weights and Measures with headquarters in Paris has been 
tormed to take charge of the fundamental standards. The 
centimeUe and the gram are now defined in terms of the 
standards of the International Bureau, and not in terms of 
the original standards of Borda, of which they are copies. 

A system in which the unit of length is the foot, and the unit 
ot mass the pound, is often used by engineers in this country. 

t is known as the foot-lb.-second system. It is evident that 
we can convert any given measurement from one system of 
units to the other if the relation between the fundamental 
umts on the two systems is known. 


EXAMPLES 

I. Calculate the number of kilometres in a mile. 
I mile= 1760 yards= 1760/1 094 metres. 
= 1609 metres=: 1*609 kilometres. 
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2. Find the number of square centimetres in a square foot 

I in. = 2'54 cms. 

I sq. in. = (2*54)2 sq. cms. = 6*45 sq. cms. 

I sq, ft. =12X12 sq. in.= 12 X 12 X 6-45 sq. cms. 

= 929 sq. cms, 

3. Calculate the number of cubic cms. in i cubic inch. 

4. Find the number of litres in i cubic foot. 

5. A photographic whole plate measures in. by 6^ in. 
Express its dimensions in centimetres. 

6. The inside measurements of a rectangular tank are 10 ft. 
X I o ft. X 5 ft. Calculate its capacity (a) in cubic feet, { 6 ) in 
litres. Find the mass of water which it will hold expressed 
(^) in kilograms, {<£) in lbs. 



CHAPTER II 


VELOCITY AND ACCELERATION 

8. Bate of Change.—In mechanics we often have occasion 
to use the term “ rate of ** or “ rate of change.” Thus the 
speed of a body is defined as the rate at which it describes its 
path, and force is defined as rate of change of momentum, 
and so on. Every one has some notion of what is meant by 
such phrases, but it is worth while to consider them a little 
more closely before applying them to accurate scientific 
purposes. 

If any physical magnitude is changing with the time, the 
average rate of change is obtained by dividing the whole change 
which takes place by the time which the change has taken. 

If a cyclist covers a distance of 36 miles in 3 hours, we say 
that his average rate of cycling is 36 miles in 3 hours, or, 
more conveniently, 12 miles per hour. If a tap discharges 
10 gallons of water in 5 minutes, its average rate of discharge 
is 2 gallons per minute. 

/n general^ if a physical quantity has a value at a time 
t, and at some later time T, then the average rate of change 
of the quantity over the time of the observations is given by the 
ratio — 

Qt — Q» 

T —/ 

Although the average rate of cycling of the cyclist in the 
first example was 12 miles per hour, it by no means follows 
that he was cycling at the same rate throughout his ride; it 
is, in fact, extremely improbable. We cannot say that in any 
given hour he would cover 12 miles, and even if this were 
found to be the case, it would not be possible to be sure that 
every mile, say, was covered in exactly 5 minutes. If, however, 
pushing matters still further, we found that he did one-fifth of 
a mile in each minute, and still more, if we could ascertain that 

9 
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in each second of time he covered exactly the same distance 
(one three-hundredth mile), we should then be fairly sure that 
the cyclist was proceeding at a constant or uniform rate. 

Thus we see that t?u rate of change is said to be cofistant, or 
uniform^ if the change “which takes place in equal intervals op 
time is always the same, no matter how small the intervals may be. 

Conversely, if the rate of change is uniform, the change 
taking place in equal intervals of time is the same. It follows, 
therefore, that the change which takes place in 2 minutes is 
exactly twice the change which takes place in i minute, and 
so on. 

If the rate of change of a quantity is uniform, the total change 
which takes place in that quantity in a given time is directly 
proportional to the time. 

If, however, the cyclist is not proceeding at a uniform rate, 
his average rate will give us no information as to his speed 
at different parts of his course. It would be no answer to an 
accusation of scorching through a village en route, to point 
out that the average speed w'as only 12 miles per hour. To 
find out exactly the rate at which he is travelling at any part 
of his journey we must arrange to time him over much shorter 
lengths of the track, and the shorter we can make these dis¬ 
tances, the more accurately shall we know his actual speed 
at a given instant. If we limed a cyclist over a quarter-mile 
track and found that he took exactly i minute, his average 
speed would be 15 miles per hour, and it would be possible, 
though not certain, that his actual rate at any part in the 
quarter-mile was not very different from his average. If, how¬ 
ever, we could reduce the time of observation still further, and 
could ascertain that he covered 22 feet in i second, we should 
say with certainty that his rate of cycling at that point of his 
path was 22 feet per second, or 15 miles per hour. 

Thus, if the rate of change is variable, the actual rate of 
change at any instant is the ratio of the change taking place in 
some small interval of time, including the given instant, to the 
time, when the interval is made indefinitely small. 

Thus the speed of the cyclist at a given moment is the ratio 
of the distance which he covers in some very small interval of 
time to the time that he takes to cover it. 

9 . Graphical Methods.—It is useful to express these ideas 
in graphical form. Let us plot a curve on which the distances 
covered from the starting-point are represented along the 
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vertical axis, and the corresponding times along the horizontal 
axis. This is known as a space-time diagram. If the speed 
is imiform the distance covered is directly proportional to the 
time, and the resulting curve will be a straight line, passing 
through the origin, such as that in Fig. xc. If A. A' are 
points on the curve, and AB, A^B^ . , the corresponding 
ordinates, then AB is the space covered in a time OB, and 
the speed is therefore given by the ratio AB/OB, or A'B'/OB', 
these ratios being all equal, since OA is a straight line. It 
may be noted that the ratio AB/OB is the tangent of the 
angle made by the space-time curve with the time axis. 


Y 



Fig. \c. —Space-Time Diagram. Uniform motion. 


If the speed is not uniform, the space-time curve will be 
curved. If It curves upwards, as in Fig. 2, the speed is 
mcreasing with the time, since greater and greater distances 
^ covered in equal intervals of time. Conversely, if 

e curve is concave to the time axis, the speed is decreasing, 
buppose now that we have the necessary data for drawing 
such a space-time curve, how may the speed at a given point 
such as A on the diagram (Fig. 2) be obtained? Take two 
points on the curve, one on each side of A and close to it. 
J^t/r, be the ordinates at these points, and let pn be 
perpendicular to gs. Then qn represents the distance covered 
m the time which is represented on our curve by rs, or pn. 

^ therefore given by the ratio gntpn, or 
J y value of that ratio when pn becomes indefinitely 
small, and J> and f are therefore indefinitely close to A. 
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Now the ratio ^njpn is the tangent of the angle or if 
qp is produced to meet the time axis in B it is the tangent of 
the angle ^^BX, since pn is parallel to OX. Now as the 
points p and q move nearer and nearer to A the line qp^ 
coincides more and more closely with the portion of the 
curve at A, until finally when p and q are indefinitely close 
together the line qp^ becomes the tangent to the curve at 
A. Hence the speed at a point A on the space-time curve 
is the tangent of the angle between the tangent drawn to 
the curve at A and the axis of time. 

That is to say, the speed at A is measured by the ratio 
AT/BT 


V 



Thus, if we can observe experimentally the position of the 
moving body at different moments of time, we can construct 
from our data a space-time curve for the body, from which 
the speed of the body at any instant or at any point on its 
path can be determined by the construction given above. 

The rate of change of any other physical quantity with 
the time can obviously be determined in a similar way, if 
the magnitude of the quantity at different times can be 
determined. 

10 . Measurement of Speed .—Tfie speed of a particle is the 
rate at which it describes its patky whatever the nature of the 
path may be. 

The speed of a particle is measured by the number of 
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units of length which it describes along its path in unit 
time. 

On the C.G.S. system of units, in which the centimetre and 
second are the units of length and time, the speed will be 
measured by the number of centimetres described in i second. 
The speed will therefore be expressed in centimetres per 
second. The same speed can of course equally well be 
expressed in feet per second, or miles per hour. 

If the particle is moving with uniform speed it will de¬ 
scribe the same number of centimetres in each second of 
time. Thus, if its speed is v cm. per second, it describes 
V cms. in i second, 2 , v cms. in 2 seconds, and so on. Hence 
in t seconds it will describe a distance s equal to v . t cm. 

s = v.t 


11 . Velocity and Displacement.— The displacement of a 
A — 0 particle is its change of position. 

Thus, if a body originally at A 
(Fig. 3) moves to a point B, 
its displacement is measured 
by the line AB. It is obvious 
that the displacement depends 
not only on the length of the 
line but also on its direction. 
If the particle moves from A 
to C it is obvious that the 
displacement is not AB, even though AC may be the same 
length as AB, since the particle is at C and not at B. Hence 
displacement has both magnitude and direction. A quantity 
such as this, which depends not only on magnitude but also 
on direction, is known as a vector quantity. 

The velocity of a particle is its rate of change of dis¬ 
placement. 

To measure the velocity of a body, therefore, we require to 
know not only the distance it has covered in a given time, 
but also the direction in which it is moving. The terms 
speed and velocity are often regarded as interchangeable, but 
they are not so in reality. For example, if two stations. 
40 miles apart as the crow flies, are connected by a railway 
which, owing to its windings, is 60 miles long, a train which 
did the journey in i hour would have an average speed of 
60 miles per hour, since it would cover 60 miles of track in 
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that time. Since the stations are only 40 miles apart its 
displacement is, however, 40 miles, and its average velocity is 
therefore 40 rniles per hour. A particle can only move with 
uniform velocity if it is moving in a straight line. In this 
case the velocity is equal to the speed. 

If the body considered in Fig. xc is moving along a straight 
line, the displacements are equal to the distances of the 
particle from its starting-point, since they are all in the same 
direction. The curve will then be a displacement-time curve 
as well as a space-Wm^ curve, and the tangent to it at any point 

will give the velocity of the particle at the corresponding 
moment of time. ^ 

12. Acceleration.— By drawing tangents to the displacement¬ 
time curve at a sufficient ^ 

number of points we ’ 

can plot a second curve 
(Fig. 4) showing the 
relation between the 
velocity and the time. 

Velocities are plotted 
along the ordinates (ver¬ 
tical lines), and the cor¬ 
responding times as 
abscissae (along the hori¬ 
zontal axis). The curve 
so obtained is known 
as the velocity-time curve. 

It is evident that the 



Kig. 4*"“Velocity-Ximc Diagram. 


velocity is changing from instant to instant. If the velocity 0/ 

a paritcle is varying, it is said to be accelerated. Acceleration 
ts tru rate of change of velocity^ 

Acceleration is therefore measured by the increase in 
velocity taking place in unit time; that is, on the C.G.S. 

system, where velocity is reckoned in cm. per sec., acceleration 
will be measured in cm. per sec. per sec. 

‘he velocity is increasing, the acceleration is positive. 

1 hus, if the velocity of a particle increases from 10 cms. per 
sec. to 50 cms. per sec. in 4 seconds, the velocity has 
creased by 40 units of velocity in 4 seconds, and the average 
acceleration is 10 units per sec. Since the unit of velocity 
is I cm. per sec., we say that the acceleration is 10 cms. per 
sec. per sec. In this case it is positive. If, however, the 
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velocity of the body had decreased from 50 to 10 units in 
the same time, its acceleration would be — 10 cms. per sec. per 
sec., and the acceleration would be said to be negative. 

13 . Motion in a Straight Line.—Since acceleration is the 
rate of change of velocity, it is also a vector quantity depend¬ 
ing not only on magnitude but also on direction. If a railway 
train moving north-east with uniform speed is, owing to a 
curve^ in the track, found to be moving at some subsequent 
time in a north-westerly direction, it is said to have received 
an acceleration in a westerly direction. The problems are 
obviously simpler if all the motions take place along the 
same straight line. In this case the direction of the motion 
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Fig. 5 .—Velocity-Time Diagram. Uniform 

acceleration. 


is fixed, and we 
need only con¬ 
sider the magni¬ 
tudes of the quan¬ 
tities. In the rest 
of this chapter we 
shall confine our¬ 
selves to motion 
in a straight line, 
leaving the more 
complicated prob¬ 
lems for considera¬ 
tion later. 

Suppose a par¬ 
ticle moving origin¬ 
ally with a velocity 


to be subjected 

to a uniform acceleration of a cm, per sec. per sec. The 

increase in the velocity in i second is therefore cm. per 

^c., in 2 seconds it is 2a, and in t seconds it will be ta. 

thus at the end of / seconds the particle is moving with a 
velocity V given by ° 


u = u +at 


The velocity-time curve for a body moving with uniform 
acceleration is therefore a straight line (Fig. 5) cutting the 

velorif “> initial 

The acceleration is given by the tangent of the 

we e OpT^k ‘he tangent of the 

angle QPS, where PS is parallel to OX. Since the line PQ 
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is straight, this ratio is the same for all points on the curve. 
If the acceleration is not uniform, the velocity-time curve will 
be curved as sho^vn in Figs. 4 and 6, being convex to the axis 
OX where the acceleration is increasing, and concave when 
it is decreasing. 

Consider a point Q' (Figs. 5 and 6) so close to Q that we can 
neglect the change in velocity which occurs in the very short 
interval of time r, represented by R'R. Let QR = v. The space 
passed over by the body in the interval r is equal to vr 
(since v is approximately constant). It is therefore equal to 
the number of units of area in the narrow figure QQ'R'R 



enclosed between the curve, the two ordinates QR and Q’R', 
and the time axis. Now the whole figure can be divided up 
into a large number of such rectangles, each of which repre¬ 
sents the space passed over in the small time represented 
by the distance between consecutive ordinates. Hence the 
space passed over in the time OR is equal to the area of the 
figure QPOR. 

We have not assumed in this proof that the line PQ is 
straight The result is true, therefore, for any velocity-time 
curve. Thus the space passed over by a moving body 
between the times T^ and T^ (Fig. 6) is equal numerically to the 
area enclosed on the velocity-time diagram of the body between 
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the velocity-time curve, the time axis, and the ordinates at 
the points T^ and ; that is, to the figure A^A^T^T^, 

In the case of uniformly accelerated motion (Fig. 5), where 
the curve is a straight line, the figure can be divided up into 
a rectangle PORS and a triangle PQS by drawing PS parallel 
to the axis OT. The area of the rectangle is PO . OR, and 
that of the triangle is ^ . QS . OR. Now OP=^«, the initial 
velocity, and OR — /, the time for which the motion has con¬ 
tinued. Also, QS is the increase in the velocity in the time 
of motion /, and is therefore equal to at where a is the 
acceleration. Hence, substituting these values, s, the space 
passed over in the time / is given by 

/=OP. OR + i. OR. QS 


This equation gives the space passed over in a given time, in 

terms of the initial velocity and the acceleration, for a body 

moving in a straight line with uniform acceleration. 

It is sometimes required to find the velocity, not after a 

given time, but at a given distance from the starting-place. 

Our equations may be transformed to give this directly 
Thus: 


Again: 

Substituting for /: 


v=u~{-at 

a 




a 

2aS^ 2UV — — 2UV-^U* 

2a8 


These three equations will enable us to solve all problems 
on uniformly accelerated motion in a straight line. 

If the body starts from rest so that the initial Ulocity u is 
zero, the equations become 


v=at 

2as 


14 . Motion of Falling Bodies.—It can be shown (§ 56) 

2 
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that a body projected in space, or moving freely through the 
air, is subjected to a uniform acceleration directed vertically 
downwards. This is known as the acceleration due to gravity. 
Its value varies slightly at different places on the earth’s surface. 
In England it is about 981 cms. per sec. per sec., or 32*3 
feet per sec, per sec. It is always denoted by the letter g. 
If the body is simply dropped, or if it is projected either 
vertically upwards or vertically downwards so that the velocity 
and the acceleration due to gravity are in the same straight 
line, the motion of the body can be deduced from the equa¬ 
tions above. 

If a body is simply dropped, its initial velocity is zero and 
we have, as above, 

Velocity after falling for t sec, ^gt 

Distance fallen in t sec. s= 

Velocity after falling through h cm.= •J^gh 

If the body is thrown vertically downwards with an initial 
velocity the acceleration is in the direction of the velocity, 
and the equations become— 

v=u+gt 
U^-\- 2 gh 

If, however, the body is thrown vertically upwards, the 
acceleration, being always vertically downwards, is in the 
opposite direction to the initial velocity, and its sign must 
therefore be regarded as negative. Thus, if a stone is thrown 
upwards with a velocity e/, then 

Its velocity after t sec. =«—gt 

The height reached after / sec. —uf — ^g^ 

Its velocity at a height h is given by — ^gh 

It is evident from the first of these equations that after 
a certain time the velocity of the stone will be zero. The 
stone will therefore be momentarily at rest, and after this 
point will begin to fall to earth again with an acceleration g. 
If the velocity v is worked out from the equation for values 
of / greater than this it will be found to have a negative sign. 
The negative sign indicates that the direction of motion of 
the stone has been reversed. 

It is evident that at the moment when the stone comes to 
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rest it has reached its greatest height from the ground. 
Putting o in equation the time Uken to reach the highest 
point is given by 

o = u—^ 

t 

Substituting v= o in equation we see that the greatest height 
is given by 

0= 





The maximum height reached by the stone therefore varies 
as the square of the velocity with which it is projected. 

EXAMPLES. 

1. A train is moving at the rate of 60 miles per hour. 
Express its speed {a) in feet per second, {b) in kilometres per 
minute. 

2. Sound travels in air with a velocity of 1100 feet per 
second. Express its velocity (a) in miles per hour, (b) in 
metres per second. 

3. A train starts from rest with a uniform acceleration of 
20 feet per sec. per sec. How long will it take to acquire a 
velocity of 80 feet per sec., and how far will it then be from 
Its starting-point ? 

4. A train starting from rest attains a velocity of 60 miles 

per hour in 3 minutes. What is the average acceleration 
and how far will it have travelled ? * 

5. A train has its speed reduced from 60 milefe per hour to 
20 miles per hour in 2 minutes. What is the acceleration? 

6. A stone falls from rest under the acceleration of gravity. 
What distance will it fall (a) in 5 seconds, (b) in the fifth 
second ? 

7. Taking the value of ^ as 32 feet per sec. per sec., plot 

W the space-time curve, (b) the velocity-time curv'e for a 
ireely falling body. 

8. A stone is thrown vertically upwards with a velocity of 

10 metres per sec. What is the greatest height to which it 

nses, and how long will it be before the stone again reaches 
the ground ? 
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CHAPTER III 


THE LAWS OF MOTION 

16 . Momentum.—Mechanics is in reality an experimental 
science (although this fact is often obscured by its mathe¬ 
matical form), and the laws of Mechanics are generalisations 
from experience. They cannot be proved in the way that a 
proposition of Euclid is proved, and their justification lies in 
the accuracy with which they enable us to follow and predict 
the behaviour of bodies under different circumstances. Let 
us consider some of these phenomena. 

Suppose a pound weight is held at a height of i foot above 
the hand and allowed to drop into it. A certain amount of 
muscular effort will have to be exerted to stop the weight, but 
it will be stopped without much difficulty. If, however, the 
weight is dropped from a height of loo feet (in which case it 
will reach the hand with lo times the previous velocity), a 
much greater effort would have to be made, an effort probably 
greater than the hand is capable of. AVe thus learn that the 
effort necessary to stop a moving body depends in the first 
place on the velocity with which it is moving. 

Suppose now that instead of a i lb. weight a lo lb. weight 
was dropped into the hand from a height of i foot. The 
velocity would be the same as before, but the effort necessary 
to stop the weight would be much greater. Again, it is much 
harder to stop a cricket ball than a tennis ball, though the 
two may be of the same size and travelling with the same 
speed. The effort necessary to stop a moving body, therefore 
depends not only on its velocity but on some other property 
of the body, namely, its mass. Tke mass of a body is usually 
defined as the quantity of matter in it^ but the notion of mass 
probably arose from the difference in the effort required to 
stop or to move bodies of different size and materials. 

The fact that effort must be put forth to stop a moving 
body or to set a body in motion if at rest is summed up in the 
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term momentum. As we have seen, it depends jointly on the 
mass and on the velocity of the body. We may define it 
therefore as follows : 

The momentum of a body is a property which it possesses in 
virtue of tts mass and its velocity^ and is measured by the product 
of the mass into the velocity. 

Hence Momentum = mass x velocity. 

If the velocity of a body is changing, its momentum is also 
changing. If we are considering some definite body, then, 
since the mass remains constant, the change of momentum of 
the body is equal to the mass multiplied by the change in 
velocity. Hence the rate of change of momentum is equal 

to the mass multiplied by the rate of change of velocity_ 

that is, the mass multiplied by the acceleration. Thus : 

Rate of chango of momentum = mass x acceleration. 

N’owton 8 Laws of Motion.—The behaviour of moving 

bodies was summarised by Newton in the following three 

laws, which form the basis of Mechanics. They are not 

capable of direct proof, but we have every reason to believe 

that they are true, since their application to all the complicated 

cases met with in mechanics and engineering invariably leads 

us to results which are found to be in agreement with the 
experimental facts. 

LAW I.—-Every body perseveres in its state of rest or of 
imform motion in a straight line unless it be compelled to 
ciiazxge that state hy external forces acting upon it. 

LAW II.—The rate of change of momentum of a body is 
proportional to the external force acting upon it, and takes 
place in the direction in which the force acts. 

LAW III. To every action there is an equal and opposite 

reaction, or the mutual actions of two bodies are always 
equal and opposite, 

• TixBt Law of Motion.—The first portion of this law 

IS sufficiently obvious. If a book disappears from our book- 

invariably ask who has moved it, the suggestion 
that the book may have moved itself being rejected as exceed¬ 
ingly improbable and contrary to experience. The case of a 
live animal is only apparently an exception to the law. An 
animal moves by pressing its feet against the ground, which 
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presses back against the animal (see Law III.). It is this 
reaction of the ground which really sets the animal in motion. 
Ihe difficulty experienced in starting quickly on slippery ice 
will show that the ground plays an important part in enabling 
an animal to move. Similarly, a train cannot get under way if 
the rails are so slippery that the wheels refuse to grip. Thus 
a body at rest can only be set in motion by the action exer¬ 
cised upon it by something else. 

The second statement, that a body in action would continue 
to move uniformly in a straight line for ever unless acted 
upon by some impressed force, seems at 6rst to be contrary to 
experience. This, however, is because we have no means of 
reusing the necessary conditions. A railway train running 
with the power shut off is acted upon by the air resistance, 
winch (as we can easily discover by putting our heads out of 
the carnage window) may be very considerable. A body 
sliding along a horizontal surface is also acted upon by a 
reurding force set up between the body and the surface. 
Ihis force is known as friction. Friction is due to the rough- 
ness of the surface. A stone pushed along the table viry 

comes to rest. If throtvn along a sheet of good ice it 
wiU slide much farther. The rate at which the body comes 
to rest IS, therefore, not an inherent property of the body or 
^ motion, but is something in which the surface plays a part. 
The law asserts that if it were possible to eliminate all these 
retarding forces the motion would continue uniformly for ever. 

j passivity, or inertia as it is 

called, of the body. The motion of a body is absolutely 

determined when we have taken account of all the forces 
acting upon it. ‘urces 

The law also includes a definition of the word force, which 
uni^rm Continues at rest or in 

fbIlowTthat“—“ 

,s action exercised upon a body so as to change its state 
of rest or uniform motion in a straight line * 

’’.u® Motion.—The second law of motion 

defines the way m which force is to be measured. We have 

already seen that the effort necessary to stop or start a body 

depends on the product of its mass into its velocity, and have 

introduced a new term, momentum, to express this product. 

The second law states that the rate of change in the 



THE LAWS OF MOTION 


23 


momentum of a body is directly proportional to the force 
exerted upon it. 

Thus, if a constant force F acts upon a body of mass m 
changing its momentum from mv to mv in / seconds, 

F oc 

t 

We have not so far fixed the units in which force is to be 
measured. It will be convenient to define our unit of force 
in such a way as to make this proportionality into an 
equality. We may do this by defining unit force as being 
that force which, acting on a body for unit time, produces 
unit change of momentum, or, more briefly— 

“ Unit force is that force which produces in a body a unit rate 
of change of momentum'' 

With these units, therefore, we may write the second law 
in the form— 

p_ mv^ — mv 

~t 

_ m{v' — v) 

= _ 

=s ma 

where a is the acceleration produced by the force. 

AVe may, therefore, also define unit of force as that force 
which produces a unit acceleration in a body of unit mass. 

In the C.G.S. system of units^ unit force is that force which 
would produce an acceleration of one cm. per sec. per sec. if 
acting on a mass of one gram. This force is known as a d3rne. 

In the foot-lb.-second system the unit of force is the force which 
would produce an acceleration of one foot per sec. per sec. if 
acting on a mass of one pound. This is known as a poundaL 

Since the foot is larger than the centimetre, and the pound 
is a greater mass than the gram, it is obvious that the poundal 
is a much larger force than the dyne. Thus if F is the force 
which produces an acceleration a, in a mass m we have 

F==/na 

If m is in grams and a in centimetres per sec. per sec., F 
will be given in dynes. If m is expressed in pounds and a in 
feet per sec. per sec., F will be expressed in poundals. 

I®- Weight and Mass.—We have stated that a body moving 
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freely in space faUs towards the ground with a uniform 
acceleration. Since the acceleration is constant it follows that 
the force acting upon the body is constant, and acts downwards 
along the vertical Une. This force is known as gravitation 
If we prevent the body from falling by holding it in our hands* 
the force makes itself perceptible as a downward thrust upon 
the hand. This downward force is known as the weirkt of 
the body, and the weight is said to be great or small accord¬ 
ing as the force exerted upon the hand is much or little 
The weight of a body is, therefore, due to the action of the 
force of gravity upon it. If a body could be placed at a 
pomt where there was no gravitation it would have no weight. 
Its mass, however, would obviously remain unaltered • there 
would still be the same amount of matter in it, and it" would 
require the same force to give it a definite acceleration. 

found that all bodies, no matter what their 
mass, fall with the same acceleration—that is to say the 
acceleration due to gravity is independent of the mass of the 
falling body. Suppose we have two bodies of mass w, and w 

respectively. The force necessary to give the first body an 
acceleration g is given by 

The force necessary to produce the acceleration p- in the 
second body is given by the equation 

If ^ IS the acceleration due to gravity, W, is the force of 
gravity on the first body, that is to say, its weight, while W* is 
simi arly the weight of the second body. Hen^ since Ihl 

^oTtr b^dfe 


w. 


m 


^ body is proportional to its mass. 

applies so long as the acceleration due to 
same. As we have seen, if we could 
place the body at a point where there was no gravitational 
acceleration the weight of the body would be zero. We can- 

transport the body to parts of the 
earths surface where the acceleration is different from that in 
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this country. Thus, at the Equator the value of g is only 
978 cms. per sec. per sec., as against 981 in England. The 
weight of a mass of 1 gram at the Equator is therefore given by 

W= I X 978 dynes, 
while in England it is given by 

W= I X 981 dynes. 

The weight of a body, therefore, differs slightly at different 
parts of the earth’s surface. 

20 , Gravitational Units of Porce.—Since at the same point 
on the earth’s surface the force of gravity on a body is pro- 
portional to its mass, a set of bodies of known mass can be 
used to form a convenient scale of forces. Thus we know 
that in this country a mass of i gram is attracted to the 
earth with a force of 981 dynes. A body of mass 2 grams 
IS attracted with a force of 981 x 2 dynes, and so on. Since 
the force acting on a body due to gravity is known as its 
weight, we can say that a given force is equal to the weight of 
so ^any grams, or, briefly, that it is so many grams weight. 
Similarly, we can speak of a force of so many pounds weight 
Not infrequently the word weight is left to be understood, and 
we spak of a force of so many pounds or so many grams. 

1 he dyne and the poundal are called absolute units of force 
^nce their value is fixed and independent of circumstances! 

pound weight and the gram weight are known as gravita¬ 
tional units of force, since their actual value depends on the 
J^lue of gravity at the particular place where the measure- 

in^nr^ however, very convenient 

m practice. As we have seen, the gravitational unit can be 

converted into the absolute unit by multiplying by the value 

of the acceleration due to gravity, measured on the corre¬ 
sponding system of units. 

iniriii, Of Forces.—We have seen that a body 

folre. I, . -f K '•ost oo'oss acted upon by external 

orces, but it by no means follows that such a body acted on 

stnnr 'T oocessarily begin to move. Thus, if a 

L nctn “ .'^‘1'. begin to fall to the ground because it 

hanrt 11^” y gravity, but the same stone if held firmly in the 
hand will not fall although the force of gravity is still acting 

force exerteH ‘ remains at rest because the 

d by the hand on the stone exactly balances the 
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force of gravity. The resultant force upon the stone is zero, 
and it remains at rest. 

A system of forces acting upon a particle are said to be in 
equilibrium if they produce no tendency in the particle to move 
with an acceleration. 


If a body acted upon simultaneously by two forces is in 
equilibrium the forces must act in opposite directions along 
the same straight line, and they must be equal in magnitude, 
otherwise the body would move with an 
acceleration in the direction of the greater 
force. Thus, if a heavy body is suspended 
by a string, the tension in the string must 
be equal to the weight of the body, and the 
direction of the tension must be opposite to 2 

the direction of gravity—that is to say, the g _ 

string must take up a vertical position. This g p 

is the principle of the plumb-bob^ an instru- ^ 

ment used for determining the vertical line. 

22 . Measurement of Force.—A force might |_ 

be measured by finding the acceleration which |_ 

it produces in a body of known mass. The =- 

equation F = ma would then give the force ® \- 

directly in absolute units. This method, |- 

however, is not usually convenient, and forces X 

are generally measured by finding some known V p 

force with which they are in equilibrium. A P 

Thus, if we hang a mass of loo grams on |_ 

the end of a string we know that the tension ^ 
in the string is loo grams weight (or 98,100 |_ 

dynes). Similarly, if we hang the 100 grams _ ^ . 

on the end of a spiral spring (Fig. 7) the of the Spring 

force acting upon the spring is 100 grams Balance, 

weight. The spring will be extended by 
the action of the weight, and if a pointer is attached to 
the end of the spring, the amount by which the spring is 
stretched can be measured. If now a series of known 


weights are placed successively on the end of the spring, and 
the corresponding extensions are measured, it will be found 
that the extension of the spring is directly proportional to the 
force acting upon it. Thus, if a 100-gram weight produces 
an extension of i cm. a 200-gram weight will produce an 
extension of 2 cms., and so on. Conversely, if when an un- 
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known foroj is made to act on the end of the same spring it 
produces an extension of 2 cms., we know that the unknown 
force is equal to the weight of 200 grams. The scale on 
which the pointer moves can thus be graduated in grams 
weight (or pounds weight if desired). The instrument then 
forms what is known as a spring balance. The spring 
balance is thus an instrument for measuring forces. 

The usual form of spring balance is shown in Fig. 8. It 
consists of a spiral spring contained in a brass case. The 

spring is fixed at the upper end, while the lower 
end is free to move and carries a hook. A pointer 
attached to the lower end of the spring moves 
over a scale on the face of the instrument, usually 
graduated in pounds weight or grams weight. If 
we fix the instrument by hanging it on a stout 
hook and pull on the lower hook, the force which 
we are exerting will be measured by the position 
of the pointer on the scale. When used to measure 
forces, a spring balance is sometimes known as a 
dynamometer. 

Although, for convenience, the spring balance 
is graduated in gravitational units (pounds or 
grams) rather than in poundals or dynes, the same 
force is always required to extend the spring by a 
given amount. Thus a given mass which pro¬ 
duces an extension of, say, i cm. at a place 
where ^=981, will only produce an extension of 
978/981 cm. at the Equator, where ^=978, since 
Fin. 8. — the force acting upon it is proportional to g. 
The Spring A greater mass will thus be required to pro- 
aance. ^ given extension at the Equator than in 

England. The force, however, will be the same 

in each case. A spring balance, therefore, measures forces 
and not masses. 

23 . The Third Law of Motion; Conservation of Momentum.— 

Wewton’s third law of motion states that action and reaction are 
equal and opposite. Thus if a weight is held in the hand, the 
|orce with which the weight presses down upon the hand is equal 
o the force with w'hich the hand presses upwards upon the 
height. In this case the truth of the law is obvious, since the 
weight does not move. The law is, however, equally true in the 
e of moving bodies. Thus, if a horse is dragging a barge 
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along a canal by means of a tow rope, the force which the 
horse exerts upon the barge is exactly equal and opposite 
to the reaction of the barge upon the horse. 

Again, if a moving cricket ball is hit with the bat, both 
bodies are in motion at the moment of collision. By the 
third law the force exerted by the bat upon the ball is equal 
and opposite to the force exerted by the ball upon the bat. 
Since force is rate of change of momentum, and both the 
forces act for exactly the same time, the total change of 
momentum produced by the one will be exactly equal to the 
change of momentum produced by the other. Thus the ball 
will be given momentum in the direction of the force exerted 
upon it by the bat, while the bat will be given an equal 
momentum in the opposite direction. We may thus regard 
the action as a transference of momentum from the bat to the 
ball; the momentum gained by the ball being equal to the 
momentum lost by the bat. The third law of motion asserts 
that this is always the case. 

IVhenever a transference of momentum takes place between two 
bodieSy the momentum gained by one body is lost by the other; 
OTy in general termSy the total momentum of any mechanical 
systemy as measured in any directiony is constanty and is not 
affected by any interaction between the parts. 

This is known as the principle of the conserration of 
momentum. 


[Pfoie. —The units of momentum and force are derived 
from the C.G.S. or the foot-lb.-second systems of units. 
Momenta and forces will only be measured in C.G.S. units 
if all lengths are measured in cms. ; all masses in grams and 
all times in seconds. It is therefore essential to convert all 
measurements into these units before making the calculation. 
Similarly, on the foot-lb.-second system all measurements must 
be expressed in feet, lbs., or seconds.] 

I. Calculate the momentum of a mass of i kilogram moving 

with a velocity of 36 kilometres per hour. 

I kilogram sss 1000 grms. 

. . 36X1000X 100 , 

36 kilometres per hour= ^ ----- cm. per second. 

^ 60x60 ^ 

= 1000 cms. per second. 

Momentum = mass X velo.s 1000 X iooo=sio^ C.G.S. units. 
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2. Calculate the momenta of a mass of half a kilogram 
moving with the following velocities : {a) 80 cms. per hour, 
(^) 100 metres per minute, {c) 60 metres per second. 

3. Find the momentum of a locomotive weighing 20 tons 
when moving with a velocity of 60 miles per hour. 

4. What force must be applied to a mass of 4 kilograms 
to give it a uniform acceleration of 15 cms. per sec. ? 

5. A mass of 2 kilograms has its velocity increased from 
10 metres per sec. to 30 metres per sec. in 8 secs. Calculate 
(a) the change of momentum, (Jf) the impressed force, if uniform. 
Initial momentum == 2000 x (10 x 100)= 2 x 10® C.G.S. units. 
Final momentum= 2000 x (30 x 100)= 6 x 10® C.G.S. units. 
Increase in momentum = 6 x 10®—2x10®= 4x10® C.G.S. 

units. 

Force = rate of change of momentum = ^ ^^ ^ 

= 5 X 10® dynes. 

6. A train of mass 100 tons has its velocity reduced from 
30 miles per hour to zero in 3 minutes. Calculate the 
value of the retarding force, assuming that it is uniform. 

7 A force of 500 dynes produces an acceleration of 100 
cms. per sec. per sec. in a given body. What is the mass of 
the body ? 

8. A force of 100 grams weight acts upon a mass of 
5 kilograms. Find the acceleration produced. 

The force must be converted to absolute units before applying 
the equation . a. Thus ; 

100 grms. wt. = 100x981 dynes. 

98100 = 5000 X a 
981000 - 

-- 19*62 cms. per sec. per sec. 

9. A force equal to 500 grams weight acts upon a mass of 
5 kilograms for 10 seconds. Calculate the velocity produced. 

10. Show that a poundal is approximately equal to the 
weight of half an ounce ; and the dyne to rather more than 
the weight of i milligram. 

I poundal produces acc. of i foot per sec. per sec. in mass of i lb. 


32 
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. , = 2 oz, (approx.) 

ut this is the acc. produced in the oz. by its own weight 

I poundal 5= weight of oz. 
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EXAMINATION QUESTIONS.—I 

1. Explain the meaning of the term rate of change. Give 
two examples of its use in Mechanics, and illustrate your 
answer by diagrams. 

2. Show how the velocity of a moving body at successive 
intervals may be represented graphically. Apply the method to 
the case of a body moving in a straight line with (a) uniform 
speed, ( 3 ) uniform acceleration. 

3. Define velocity and acceleration, and explain how each 
is measured. A train quickens speed uniformly from 30 to 
60 miles per hour in 4 minutes. Find the acceleration and 
the distance covered in the time. 

4. What is meant by the statement that the acceleration of 
a moving body is i cm. per sec. per sec., if the body is moving 
(a) with uniform acceleration, (d) with variable acceleration ? 
How could you determine the acceleration of a body in some 
simple case ? 

5. Explain the term force, and show how it may be 
measured. What units of force are in common use, and how 
are they defined ? 

6. Explain the significance of the terms acceleration and 
force. The muzzle velocity of a projectile of mass 100 Ib. 
is 2200 feet per sec. If this velocity is imparted to the pro¬ 
jectile in 0 006 second calculate the average acceleration, 
and the force acting on it during this interval. 

7. A curling-stone is projected horizontally along a sheet 
of ice, the retarding force being constant. Draw a graph 
showing the velocity plotted against the time. If the mass 
of the stone is 20 lb., and if it takes 10 seconds to reach a 
mark 100 yards from the thrower, and continues to move for 
a further 22*5 yards, find, from the graph, (a) the velocity of 
projection, the velocity after 10 seconds. 

8. Distinguish between mass and weight. How is it shown 

that at a given place the weight of a body is proportional to 
its mass ? 

g. State Newton s laws of motion. Explain what is meant 
by the momentum of a body. 


CHAPTER IV 


THE COMPOSITION OF FORCES, ETC. 

24 . The Composition of Velocities.—A body may have two 
velocities impressed upon it simultaneously. If, for example, 
we stand on the moving staircase of an escalator the motion of 
the stairs will eventually carry us from the bottom to the top. 
\Ve may, however, if we are in a hurry, walk up the staircase, 
in which case we shall obviously reach the top in a shorter 
time. In fact, our actual velocity will be equal to the sum of 
the velocity of the staircase and the velocity with which we 
are walking. 

On the other hand, if we were to walk down the ascending 


B bI 



staircase, it would obviously be longer before we reached the 
top landing. Our actual velocity would be the difference 
between the upward velocity of the stairs and the velocity 
at which we were walking down. 

Xhus^ if a body is given simultaneously two velocities in the 
same straight line the actual velocity of the body will be equal to 
either the sttm or difference of the separate velocities according 
as they are in the same or in opposite directions along the line. 

The body may, however, be given velocities which are not 
in the same straight line. 

Suppose a passenger at the corner A of a railway carriage 
(Fig. 9) decides to move to the opposite corner B. If the 

31- 
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carriage is at rest his displacement is AB, and if we suppose 
that he makes the change in i second his velocity is also AB 
in magnitude and direction. Suppose, however, that the train 
is in motion in the direction AA', and that in i second the 
carriage has moved from A to A'. The comer B will then be 
at where BB' = AA' the velocity of the train. Hence the 
passenger who was at A at the beginning of the second is at 
B' at the end of the second. His actual displacement is 
therefore AB . This is the same displacement as would have 
been produced if he had been moving in the direction AB^ 
with a velocity equal to the length of the line AB'. 

Thus^ if a particle has two velocities impressed upon it simul¬ 
taneously, it will move with some single definite velocity which is 
known as the re^ 
sultant of the other 
two. 

Thus, in Fig. 9, 
if AB and AA' 
represent the two 
velocities im¬ 
pressed upon the 
passenger at A, the 
resultant velocity 
is represented by 
the line AB'. But 

AB is the diagonal B'ig. 10.— Composition of Accelerations, 
of the parallelo¬ 
gram ABB'A' of which the two velocities AB and AA' are 
adjacent sides. Hence— 

If a particle possess simultaneously two velocities repre¬ 
sented in magnitude and direction by two adjacent sides of a 
parallelogram, they are equivalent to a single velocity repre¬ 
sented in magnitude and direction by the diagonal of the 
parallelogram passing through their point of intersection. 

This proposition is known as the parallelogram of velocities. 

25 . The Composition of Accelerations.—A body may simi¬ 
larly be accelerated simultaneously in two different directions 
(for example, both the passenger and the train in the previous 
instance may be moving with accelerated velocities). These 
accelerations may also be compounded into a single resultant 
acceleration by the parallelogram law. Suppose that a particle is 
given simultaneously accelerations which can be represented in 
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magnitude and direction by the two straight lines AB and AC, 
that is to say, it has an acceleration in the direction AB (Fig. lo) 
numerically equal to AB centimetres per sec. per sec., and a 
simultaneous acceleration along the direction AC numerically 
equal to AC centimetres per sec. per sec. Then AB repre¬ 
sents the velocity added to the particle in i second in the 
direction AB, while AC is similarly the velocity added to the 
particle in i second in the direction AC by the second 
acceleration. If we complete the parallelogram, the resultant 
of these two velocities is represented by the diagonal AD. 
Thus the resultant velocity added to the particle in i second 
is represented by AD; thus AD represents the acceleration 
of the particle on the scale of the diagram. The two accelera¬ 
tions AB and AC are equivalent to a single acceleration 
represented in magnitude and direction by the line AD. 

Hence accelerations are also compounded by the parallelogram 
law. 

26 . Composition of Forces.—So far, we have been consider¬ 
ing only the motion of the particle without discussing how the 
motion is produced. But we have learned that a body is 
only accelerated if it is acted upon by some external impressed 
force. Hence in order to produce the actual accelerations 
the body we have been discussing must have been acted upon 
simultaneously by two forces acting in the directions AB and 
AC respectively. Now the result of these two accelerations 
IS a single acceleration in the direction AD, and this single 
acceleration could obviously have been produced by a single 
force of suitable magnitude acting in this direction. Hence 
a system of two forces acting simultaneously on a particle 

can be replaced by a single force which is known as the resultant 
of the other two. 

Now, by the second law of motion, the force producing the 
federation AB is equal to (mass of the particle) x (acceleration) 

*n. AB, and acts in the direction AB. Similarly, the force 
producing the acceleration AC = ;vi.AC. Again, the single 
orce necessary to produce the resultant acceleration AD is 
equal to m . AD, and acts along the direction AD. If now 
we suppose that the particle has unit mass, AB represents in 
m^nitude and direction the first force, and AC the second, 
w i e the resultant of the two forces is represented on the 
same scale in magnitude and direction by AD, the diagonal 
Of the paraUelogram ABCD. Thus_ 

3 
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If two forces acting on a particle are represented in 
magnitude and direction by two adjacent sides AB and AO 
of a parallelogram, the resultant of these forces is a single 
force represented in magnitude and direction by AD, the 
diagonal of the parallelogram which passes through their 
point of intersection* 

This important result is known as the parallelogram of 
forces. 


The convention by which forces may be represented by 
straight lines is so important that it deserves a little further 
study. A force acting on a given particle is completely known 
when we know its magnitude and the direction in which it acts. 
The direction can be represented by drawing a straight line 
parallel to the direction, or line of action as it is called, of the 


force. The magni¬ 
tude of the force can 
equally well be re¬ 
presented diagram- 
matically by the 
number of units of 
length in the straight 
line. Thus, if a 
force of 40 dynes 
acts on a particle 
in an easterly direc¬ 
tion, the force can 
be represented on 



Fig. II.—Composition of Forces. 


paper by taking some point O to represent the point of 
application of the force, and drawing a straight line OA 
(Fig. ii) from left to right, 4 cms. in length so that i cm. 
represents 10 dynes. If a second force of, say, 30 dynes acts 
at the same point in a northerly direction, this can be repre¬ 
sented on the diagram by a second line OB, 3 cms. long, 
making an angle of 90” with the first line. The length of the 
diagonal OD of the rectangle OADB will give the magnitude 
of the resultant of the two forces on the same scale, while the 
angle DOA will give the angle between the line of action of 


the first force and the resultant. 


The scale of the diagram is immaterial, providing that it is 
rigidly adhered to throughout. Thus it might be convenient 
to take I centimetre as representing 100 or 1000 dynes 
according to the magnitudes involved- It is advisable in 
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solving problems by the graphical method to make a note of 
the scale on the actual drawing. A drawing constructed in 
this way to show all the forces acting on a body is known 
as ^force-diagram, and provides a rapid method of solving 
many actual problems cormected with the action and equili¬ 
brium of forces. 

27 . The Triangle of Forcea.—We have seen that the two 
forces represented by the lines AB and AC (Fig. lo) are 
equivalent to a single force represented by AD. It is evident, 
therefore, that if we apply to the particle a third force, AD', 
equal to that represented by AD but acting in exactly the 
opposite direction, the three forces will exactly neutralise each 
other, and the particle will be in equilibrium under the action 
of the three forces. A particle acted upon by three forces in 
the same plane will be in equilibrium if each of the forces is 
equal and opposite to the resultant of the other two. 

Now in the figure CD is parallel and equal to AB DA is 
equal to AD', and acts in the same direction. The three 
forces acting at A can thus be represented in magnitude and 
direction by the sides AC, CD, and DA of the triangle ACD 
Jaken in order, and, as we have seen, they are in equilibrium. 

If three forces acting at a point can be represented in 
magnitude and direction by the three sides of a triangle taken 
tn order, the particle will be in equilibrium. 

This proposition is known as the triangle of forces. 

It must be noted that the sides of the triangle must be taken 

tn that is, from A to C, from C to D, and from D to A. 

f the direction of one of the forces is reversed, the system will 

obviously not be in equilibrium. Thus, the three forces 

represented in magnitude by AC, CD, and AD would 

not be in equilibrium, but would have a resultant of 
magnitude 2 AD. 

28 . Experimental Verification of the Triangle of Forces._ 

tK ^ P'^P'^sition can be verified experimentally by the use of 
three dynamometers or spring balances. Thin strings are 
re c e hooks of each of the three dynamometers 

n, and C (Fig. 12) to a small brass ring O. The system 

wii-K balances is laid on a drawing-board covered 

a sheet of paper, and the balances are pulled out by 
® V ♦ rings until each of the strings is under a 

Sion \Y ich is indicated on the scale of the corresponding 
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balance. The balances can be secured in position by driving 
nails through the rings into the board. Suppose that the 
readings of A, B, and C are respectively 4 lb., 3 lb., and 5 lb. 
Thus, when forces of 4 lb. weight, 3 lb. weight, and 5 lb. 
weight act on the ring O in the directions OA, OB, and OC, 
it is in equilibrium. Mark off along the lines OA, OB, OC 
lengths OP, OQ, OR proportional to the corresponding forces, 
say, 4 inches, 3 inches, and 5 inches respectively. Complete 
the parallelogram OPSQ. It will be found that the diagonal 
OS is 5 inches long, and that OS is in the same straight line 
as the string OR. Thus the diagonal of the parallelogram 



OPSQ represents the single force which is equivalent to the 
two forces acting along OA and OB. 

Again, since QS is equal and parallel to OP, and SO is 
equal and parallel to OR, the three forces acting on the ring 
can be represented by the sides of the triangle OQ, QS, SO 

taken in order, thus verifying the principle of the triangle of 
forces. ° 

29 , Resolution of Forces.—A consideration of the same 
case will enable us to appreciate the parallelogram law more 
fully. The forces A and B are pulling on the ring in 
directions which are not parallel. It is clear that there will 
be a tendency for the ring to move towards the upper end oi 
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the board, since both forces are pulling in this direction. On 
the other hand, if we consider the tendency of the ring to 
move sideways, we see that whereas the force A is pulling it 
towards the left, the force B is pulling towards the right. 

^ Thus the two forces are not 

wholly employed in moving the 
ring. Part of each force is ex¬ 
pended in resisting the action of 
the other. The total pull on the 
ring will therefore be less than 
the sum of the two forces, while 
the direction in which it would 
begin to move (in the absence of 
the force C) would obviously be 
a compromise between OA and 
OB, that is, some direction be¬ 
tween these two. 

The force A may be regarded 
as made up of two forces, one 
acting parallel to the side Y of the board, and one parallel to 
the side X, Just as we can combine two forces into a single 
resultant, so we can regard a single force as being compounded 

of two forces acting in different directions, and known as its 
components. 

Let OA represent a force, and suppose it is desired to find 
the components of this 

force in any two direc- ^ _ _ D 

tions OB and OC (Fig. 

*3)* Through A draw 
lines AD and AE par¬ 
allel to the two de¬ 
sired directions. Then 
ADOE is a parallelo¬ 
gram of which OA is 
the diagonal. There¬ 
fore OA represents the 
resultant of the two 
forces whose magni- 

Thn! directions are given by OD and OE respectively, 
eni,;! I . represent forces which together are 

represented by OA; in other 
I ey represent the components of this force in the two 



O "R A 

Fig. 14.— Resolved Parts of a Force. 
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given directions. The components of a single force in any 
two directions can thus be found by graphical methods. 

The directions OD and OC may make any angle with each 
other and with OA. It is generally most convenient to con¬ 
sider the components of a force in two directions which are 
at right angles to each other. They are then known as the 
resolved parts of the force in the given directions, and the 
process is known as resolving the force in the given direction. 
The resolved part in a given direction can be obtained by 
graphical construction as above. Let OD (Fig. 14) represent 
the given force, and OA and OB the given directions at right 
angles. Drop perpendiculars from D on the directions OA 
and OB. Then OA represents the resolved part of the given 
force in the direction OA. Similarly, OB is the resolved part 
in the direction OB. 

The lengths OA and OB can be measured if the diagram is 
drawn to scale. They may also be calculated by applying trigo¬ 
nometry to the figure. Let the forces represented by OA, 
OB, and OD in Fig. 14 be P^, Pg, and R respectively. Then, 
since OADB is a rectangle, OAD is a right-angled triangle. 

Hence & = cos A^D 

Xx 

= cos if 0 is the angle between the force R 
and the direction OA 
/V., Pj —B cos ^ 

resolved part 0/ a Jbrce in a given direction is equal to 
the product of the force into the cosine of the angle between the 
line of action of the force and the given direction. 

The resultant of two given forces at right angles to each 
other can easily be calculated from the figure. Let and Pg 
be the two forces, represented on the diagram by OA and Ob! 
Then R, represented by OD, is their resultant, and since OAD 
is a right-angled triangle 

0 D 2 = 0 A 2 + AD 2 
= OA2-|-OB2 
i.e., + 

Similarly, the resultant R makes an angle D6 a with the force 
Pj given by the relation 

tan D<!>A =:^=95 

OA OA 

= £* 

Pi 
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The resultant of the two forces is thus known in magnitude 
and direction. 

30 . Equilibrium of a Particle on an Inclined Plane._Suppose 

we have a particle A (Fig. 15) resting on a smooth plane 
surface OB, making an angle BOC with the horizontal. Such 
a surface is called an inclined plane. We will suppose that 
the surface is so smooth that there is no friction between the 
particle and the plane. In this case the forces acting on the 
particle are : 

(i) The force of gravity mg dynes, acting vertically down¬ 
wards along AD where m is the mass of A. 

{2) The reaction between the plane and the particle. In 
the absence of friction this reaction must be at right angles to 
the plane itself. 

Since these forces are not in the same line the particle will 

tend to move with 
an acceleration down 
the plane. Now the 
reaction R which is 
at right angles to the 
plane has no com¬ 
ponent in this direc¬ 
tion (RAO is a right 
angle and cos 90® = 
Fig. 15.—Particle on an Inclined Plane. o). We can resolve 

the force of gravity 
m two directions parallel and perpendicular to the plane OB. 

The component perpendicular to the plane cannot affect the 
motion. Hence the only force urging the particle down the 
plane is the resolved part of gravity acting parallel to the plane. 
The magnitude of this force is equal to mg cos OAd 

(§ 28). But since OC is horizontal and AD vertical the 
angle ADO is a right angle. 

cos OAD=sin a6D 

= sin & 

where ^ is the angle made by the plane with the horizontal. 

ihus the particle is acted upon by a force parallel to the 
plane given by 

P=5 mg sin 0 

If no other force is acting, the particle will begin to move 
with an acceleration P/^ (§ i8), that is, with an acceleration 
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of g sin The smaller the inclination of the plane the 
smaller the acceleration. 

To keep the particle in equilibrium on the plane we must 
apply a force to the particle acting up the plane and equal to 
mg sin &. We can verify this result roughly by fastening 
a thin cord to A and attaching the other end to a dynamo¬ 
meter, keeping the cord parallel to the surface of the plane. 

The smoothest possible surfaces, however, are very far from 
being perfectly smooth, and in practice a third force, due to 
the roughness of the surface and known as friction, is always 
brought into play. It is, therefore, impossible to obtain 
accurate results by direct experiments of this kind. 


I. A ship making 4 miles per hour in a northerly direction 
is drifting eastward with the tide at the rate of 3 miles per 
hour. What is its actual velocity ? 

[The parallelogram of velocities is in this case a rectangle, 
since the two velocities are at right angles. Hence, if V is 
the resultant velocity 

V2=42H- 3^=25 

V=5 miles per hour 

If 6 is the angle between the resultant velocity and the 
north. 


tan ; 0 = 37“ E. of N.] 

2. An aeroplane flying due south at the rate of 60 miles 
per hour is carried westward by the wind at the rate of 
15 miles per hour. What is its resultant velocity ? 

3. Calculate the resolved part of a force of 2000 dynes in 
directions making an angle with the line of action of the force 
of {a) 30**, {b) 45^, (*r) 60®. 

4. Forces of 10 lb. weight and 15 lb. weight act at a point 
in a northerly and easterly direction respectively. Find the 
magnitude and direction of their resultant. 


5. A body of mass 500 grams rests on a smooth inclined 
plane, making an angle of 30** with the horizontal. Calculate 
the force which must be applied parallel to the plane to keep 
it in equilibrium. What acceleration will it have if it is 
allowed to move freely ? 

6. Can three forces which are in the proportion of 8 12 

and 21 keep a point in equilibrium ? * 
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7. Three equal forces act on a point, their lines of action 
making angles of 120“ with each other. Will the point be in 
equilibrium ? 

{To be solved graphically.) 

8. Find the resultant of two forces, 20 and 30 lb. weight 
respectively, acting at an angle of 60® with each other. 

9. Resolve a force of 500 grams weight into two components, 
each making an angle of 30® with the line of action of the force. 

10. A mass of 1 kilogram hangs at the end of a string, and 
is pulled aside by a horizontal force until the string makes an 
angle of 60® with the vertical. Find the tension on the string. 

[Draw a vertical line (say, 10 cms. long) to represent the 
weight of the i kilogram mass. Complete the triangle of 
forces by drawing lines from its ends parallel to the other two 
forces acting (a) horizontally, {b) along the string. The lengths 
of the sides of the triangle represent the magnitudes of the 
corresponding forces on the scale of the diagram.] 

11. A long string carrying a weight of 1000 grams at each 

end passes over two smooth nails 80 cms. apart so that the 

string is horizontal. What weight must be attached to the 

string half-way between the nails to depress it a distance of 
30 cms. ? 

12. A string ACDB hangs loosely between two nails A and 

B. A mass of 1000 grams is attached to the point C on the 

^ring and an unknown mass X at the point D. The portions 

CA, CD, and DB of the string then make angles of 60®, 30®, 

and 45 , with the horizontal. Find the value of the unknown 
mass X. 
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FRICTION 

31 . Friction.—If a body is placed on a horizontal surface 
the force of gravity acts vertically downwards, and is neutral¬ 
ised by the reaction of the table, which is therefore vertically 
upwards. The body under these circumstances is in equili¬ 
brium. If we applied even the smallest force horizontally, that 
is, at right angles to the gravity and the reaction of the table, 
we might expect from the results in the previous chapter that 
the body would begin to move in the direction of the force. 
As a matter of fact we know from experience that if the body 
is at all heavy a very considerable force will have to be applied 
t J move it along the table. The force with which we attempt 
to move the body is resisted by some force which comes into 
operation when we try to move the body. This force is 
known as friction. 

Again, we have seen (§ 29) that a body on an inclined 
plane is acted upon by a force mg sin 6 tending to move it 
down the plane. We should expect, therefore, that the 
smallest tilt on the plane would be sufficient to set the body 
in motion. As a matter of fact, it is generally possible to tilt 
the plane through a very considerable angle before the body 
begins to slide. 

Friction is due to the roughness of the surfaces in contact. 
No surfaces are absolutely smooth. A certain amount of 
friction takes place even between the most highly polished 
surfaces. It is important, therefore, from a practical point of 
view, to understand how it acts. 

32 . Experiments on Friction.—Let us take a light wooden 
tray A (Fig, 16) attached to a string which passes over a 
pulley D to a scale pan S. Place the tray on a smooth 
wooden plane BC, The tray will remain at rest. Place a 
small weight in S. The tray still remains at rest. The 
friction called into play between the surfaces is sufficient to 

4 * 
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balance the puU along the string due to the weight in S. 
Moreover, it exactly balances this force, since the tray does 
not move in any direction. If, however, the weights in S are 
gradually increased, a point will eventually be reached when 
the tray will begin to move. Up to this point the friction 
between the surfaces has been at every point exactly sufficient 
to neutralise exactly the tension on the string. When this 
tension reaches a certain value W, however, the friction can 
increase no further. It has reached its maximum or limiting 
value, and the body begins to move. This is known as the 
limiting friction. 

If now we place a heavy weight in the tray it will be found 
that the weights in S must be considerably increased before 
the tray will begin to move. By careful experiment with 



different weights in A it can be shown tliat the force necessary 
to cause the tray to begin to move is directly proportional to the 
weight of the tray and its contents, that is, to the reaction 
between the two surfaces in contact. If now we stand the tray 
upon its side, keeping its weight the same, we shall find that 
exactly the same force is required to set it in motion. The 
limiting friction is independent of the area of the surfaces in 
contact. It does, however, depend on the nature and polish of 
the surfaces in contact. Thus, if we replace the wood slide by 
a sheet of plate glass the friction will be considerably reduced, 
and if the bottom of the tray is also covered with glass it will 
be even less. We may summarise these experimental results 
in the following laws : 

33 , Laws of Friction,—i. The force of friction is always 
exerted tn a dtrection exactly opposite to that in which motion 
would take place, 

2, The force of friction is exactly equal and opposite to the 
applied force tending to move the body until a definite value 
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is reached^ known as the limiting friction. The friction then 
remains constant^ and if the applied force is increased the body 
will move, the resultant force upon the body being the difference 
between the applied force and the limiting friction, 

3. The limiting friction depends on the nature of the two 
surfaces in contact, but is independent of their area. 

4. Tor a given pair of surfaces the limiting friction is directly 
proportional to the reaction between the surfaces. 

The ratio of the limiting friction to the reaction between 
the surfaces is known as the coefficient of friction for the given 
pair of surfaces. 

The value of the coefficient of friction varies very much 
with the actual state of the surfaces. For wood upon wood 
it is of the order of 0-5 - for two metal surfaces in contact it 
is about 0-2, and may be reduced to half this value by lubri¬ 
cating the surfaces with olive oil. Thus, if a wooden block 
weighing 20 lb. is placed on a horizontal wooden slide, a 
force of 0-5 X 20 lb. weight must be applied to start the block 
in motion. If the block and the slide had been made of 
polished metal a force of 0*2 x 20, that is, 4 lb. weight, would 
have sufficed, and if the surfaces had been lubricated a force 
of one-half this magnitude would have served. These results 
are quite independent of the area of the surface of the block 
which rests on the slide. 

33*. Equilibrium on a Rough Inclined Plane.—Instead 
of adopting the arrangement shown in Fig. 16, we could 
have applied a gradually increasing force to the block A by 
placing it on an inclined plane, and gradually increasing 
the angle of tilt. If the angle between the plane and the 
horizontal is 0, the force tending to move the block down the 
plane is mg sin & (§30). If this is less than the limiting 
friction F, the block will remain at rest. As & is increased, a 
point is reached where V^mg sin 0, and if 0 is increased, 
even slightly beyond the value, the block will slide down the 
plane. This limiting value of 0 is known as the angle op 

friction for the two surfaces. Thus if 0 is the angle of 
friction we have 


"F—mg sin 0. 

The corresponding reaction R is given by 

F,=^mg cos 0 (see Fig. 15) 

iM.==^=tan 0 . 


Hence 
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The coefficient of friction is equal to the tangent of the angle 
offriction. This provides a convenient method of measuring^. 

34 . Effect of Friction on Bodies in Motion.—Since the 
friction acts in the opposite direction to the motion, it acts 
as a retarding force and produces a retardation, or negative 
acceleration on the body which eventually brings the latter to 
rest, unless force is continuously applied to maintain the 
motion. Thus if a stone is sent sliding along the ice with an 
initial velocity V, and if ^ is the coefficient of friction between 
the stone and the ice, there will be a force due to friction acting 
on the stone in a direction exactly opposite to its velocity and 
given by . -w where 2v is the tuezghi of the stone. 

This force produces a negative acceleration which by the 
second law of motion is given by 

Y—m , a 


where m is the mass of the body. 

Hence fju . 


m . a 
fJU . zv 


?n 


But the weight of a body Is equal to its mass multiplied by 
the acceleration due to gravity . g, 

m 


The body will therefore be brought to rest in a time t 
given by the equation 

o = V —/ 

Mg' 

The distance s which the body will slide is given by 

V2—o2= 2 {fjc.g)s 

s = — 
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EZAIVIPLES. 

1. A curling-stone is projected along the horizontal surface 
of a sheet of smooth ice with an initial velocity of i 6 feet per 
second, and travels a distance of 40 feet before coming to rest. 
Calculate the coefficient of friction between the stone and the 
ice, 

2. A block rests on an inclined plane and the plane is 
tilted until the block just begins to slide. Show that the 
coefficient of friction between the block and the plane is 
equal to the tangent of the angle 6 made by the plane with 
the horizontal. 

3. A wooden block resting on a rough plane begins to slide 
when the inclination between the plane and the horizontal is 
30®. Calculate the coefficient of friction. 

4. A metal block is placed on a metal plane inclined at 
30 to the horizontal. If the mass of the block is 500 grams 
and the coefficient of friction is 0*2, what force must be applied 
to the block, in a direction parallel to the plane, {a) to keep it 
from sliding down the plane, (< 5 ) to move it up the plane ? 


CHAPTER VI 


WORK AND ENERGY 

35 « Work.— Whenever a force acts upon a body in such a way 
that motion takes placcy work is said to be done by the force. 

Mechanics is an exact science, and thus the terms which 
we use in it must be exactly defined. The common use of 
the term work is too indefinite and too wide for our purposes. 
It is therefore defined as above. 

By our definition of work, a man does work if he picks up 
a stone from the ground ; if, however, the stone is so heavy 
that he cannot move it, he does no work upon it although he 
may be exerting a considerable force. Similarly, if he holds 
the stone at a fixed height above the ground he exerts force 
but no work is done. The distinction is that in the first case 
the stone is moved, while in the others it is not. In the 
second case, he might just as well have left the stone alone, 
while in the third case the effect could equally as well have 
been produced without any further exertion on his part by 
resting the stone upon a shelf or table. 

Work is done by a force when the body moves in t?ie direction 
of the force. If on the other hand {owing to the action of other 
forces on tiie body)y the body moves in a direction opposite to that 
of the forcey work is said to be done against the force. 

No work is done either by or against the force if the motion 
of the body is at right angles to the direction of the force. 

Thus, in the case of a cyclist free-wheeling down an 
incline, work is being done on the cyclist by the force of 
gravity. On the other hand in pedalling uphill, work is being 
done by the cyclist against gravity. On a level stretch no 
work is being done either by or against gravity, since the 
motion is at right angles to the gravitational force. In all 
three instances work is being done against friction and the 
resist^ce of the air, as these forces invariably act in the 
opposite direction to the motion. 

47 
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36 . lVl 63 >sur 6 ]]i 6 &ti of Work .—work done by or against 

a force is measured by t?ie product of the force into the distance 
through which its point of application has moved in the direction 
of the force. 

Let us suppose that we have a stone resting on a smooth 
table AC (Fig. 17) and that by means of a string we pull on 
it in the direction AB with a force P. The stone will slide 
along the table to some point C. We can resolve the force P 
into two forces, one parallel and one perpendicular to the 
table top. No work is done by the latter, since the motion 
takes place in a direction at right angles to it. 

The work done by the force is therefore the work done by 
the resolved part parallel to AC, the value of which is P. cos A 
The work done is therefore AC. P cos 0 . But if we draw 


B 



Fig. 17. 


CD perpendicular to AB then AC . cos AD(distance 
which the particle has moved parallel to the line of action of 
the force). Hence the work done by a force is measured by 
the product of the force into the resolved part of the displace¬ 
ment in a direction parallel to the line of action of the force. 

It follows, therefore, that the work done against gravity in 
raising a stone of mass m through a height h is independent 
of the path taken by the stone. The same amount of work is 
done whether the stone is raised vertically by a rope or rolled 
up an inclined plane. The force necessary to move the body 
in the latter case is less than in the former (§ 29), but the 
work done is exactly the same. The student can easily 
verify this result by calculating the work done in both c as e s . 

Since the force due to gravity acting on a mass m.g 

dynes, the work done in raising a body through a perpendicular 
distance h is given by 

Wi = mgh 
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37. Units of Work. — On the C.G.S. system of units, unit 
work will be done when a force of i dyne moves its point of 
application through a distance of i cm. in the direction of the 
force, irhis U 9 iit is known as an erg. 

This is a very small unit of work. It is slightly more than 
the work done in lifting a milligram through a height of 
1 cm. The practical unit of work on the C.G.S. system is 
ten million ergs, and is known as a joule. Thus— 

T jouless 10,000,000 ergs=! lo^ ergs. 

On the foot-lb.-second system unit work is done when one 
poundal moves its point of application through a distance of 
1 foot. This unit is known as a foot-poundal. It is approxi¬ 
mately equal to the work done in raising half an ounce to a 
height of 1 foot. 

The erg, joule, and foot-poundal are absolute units of work. 

The unit generally employed by engineers in this country 
is founded on the gravitational system in which the weight 
of one pound is taken as the unit of force. The gravitational 
unit of work is therefore the work done in lifting a weight of 
one pound through a height of i foot. It is known as the 
foot-pound. Since the w’eight of one pound is 32-2 poundals 
I foot-pound is equal to 32*2 foot-poundals. 

Similarly, on the C.G.S. system we can define a gram- 
centinieire as the work done in raising a mass of i gram 
through a height of i cm. 

38 . Power.—Power is another term taken from ordinary 
speech and defined in a special way. 

Power is the rate of doing work. It is measured when uni¬ 
form by the amount of work done in one second. On the 
C.G.S. system unit power is e.xerted when work is being done 
at the rate of i erg per second. Since this quantity is incon¬ 
veniently small, the usual unit of power on the C.G.S. system 
is ten million times this absolute unit, and is defined as the 
power which is being exerted when work is being done at the rate 
of \ joule per second. This unit is known as the watt, and is 
exclusively used by electrical engineers in all countries. 

The common unit of power among mechanical engineers in 
this country is known as the horse-power, and was supposed 
^ represent the rate at which a horse was capable of working. 
The rate of working is said to be i horse power when 550 
foot-lb. of work are being done every second, or 33,000 foot-lb. 

4 
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per minute. It can be shown that i horse-power is equivalent 
to 746 watts. 

39 . Work done on and by Moving Bodies.—Work is done 
when a body is set in motion, and conversely a moving body 
is capable of doing work while being brought to rest. Suppose 
a force F acts upon a body of mass m which is initially 
at rest The force produces an acceleration in the body 
given by 

F = ma 

and after describing a space s the body will therefore have a 
velocity given by 

nos 


F 

2— 
m 


ss 2— . 1 




But, since the force has been acting all the time, its point of 
application has been moved with the body through a distance 
s in its own line of action. Hence the work done by the 
force in giving the body a velocity v is given by 

«; = F. r 

The quantity of work expended in giving a body of mass m a 
velocity v is thus equal to If m is in grams, and v is 

cms. per second, the work done is given in absolute C.G.S. 
units, i\e. in 

Suppose now that a body of mass m moving with a velocity 
V is retarded by the action of some force F. This force will 
produce a negative acceleration given by 

F= ma 

The body will be reduced to rest after describing a space 
given by 

zr — 0^^= 2as= 2_ s 

m 


But the retarding force has had its point of application moved 
backwards through a distance s. The work 7 v done by the 
moving body against the force is therefore given by 

F , s 

= 

Thus, a body of mass m and velocity v is capable in virtue 
of its mass and its velocity of doing an amount of work equal 
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to If m is measured in grams and v in centimetres 

per second the work w is measured in ergs. If tn is in 
pounds and v in feet per second the work is measured in 
foot-poondals. 

40. Energy ,—Xke energy of a body is its capacity for doing 
work. We have just seen that a moving body is capable of 
doing work and therefore possesses energy. A body at rest 
may, however, also be capable of doing work under suitable 
circumstances. Thus, a stone at the edge of a cliff will, if 
pushed over the edge, attain a considerable velocity in its fall, 
and will thus be capable of doing work. Similarly, a coiled 
spring, or a stretched piece of elastic, can do work when re¬ 
leased, and hence possesses energy. 

The energy possessed by a body in virtue of its position or con¬ 
figuration is known as potential energy. Thus, a stone at 
a height above the ground, or a stretched spring, possesses 
potential energy. Similarly, the hot steam in the boiler of 
a locomotive possesses potential energy, since it is capable of 
moving the train. 

The energy of a moving body is called kinetic energy. 

The kinetic energy of a body is ike quantity of work which it 
is capable of doing in virtue of its mass and its velocity. As we 
have seen, the kinetic energy of a body is equal to 
where m is the mass and u the velocity. 

Since the energy of a body is the amount of work which it 
can do, energy is measured in the same units as work (§ 37 ), 
t.e. in ergs, foot-poundals, etc. 

41. The Conservation of Energy.—Suppose a stone of mass 
m is raised from the ground to a height h. The work done 
against gravity in this process is mg. h. 

What has happened to this work ? It is easy to see that it 
is stored up, as it were, in the form of potential energy. The 
stone has been raised from a place where it had no potential 
energy and placed in a position in which it is capable of doing 
work. Suppose the stone be now allowed to fall. Its velo¬ 
city on reaching the ground is given by 

V^^2gh 

Hence its kinetic energy \mv^ is equal to . 2 gh^ that is, 
to mgh. 

Thus the original amount of work done on the body is in 
the first place stored as potential energy and then transformed 
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again into kinetic energy, but its amount remains constant 
throughout. The potential energy at the beginning of the fall 
is equal to the kinetic energy at its completion. 

This result is a particular example of a very general pro¬ 
position known as the conservation of energy. The energy 
of the stone is conserved. At the top of the cliff it is wholly 
potential, at the bottom wholly kinetic, but the amount is 
the same throughout the motion. 

It is evident, however, that some qualification will be 
necessary before we can state the principle as one of universal 
application. To pursue further the instance of the falling 
stone. At the moment it strikes the ground it has kinetic 
energy equal to After striking the ground it is 

reduced to rest. If, instead of a stone we had dropped a 
tennis ball, it would have rebounded with a velocity slightly 
less than that with which it struck the ground, and hence 
would still have possessed some kinetic energy. Eventually, 
however, the result would be the same, and the ball would 
remain at rest on the ground where both its kinetic and 
potential energies would be zero. 

What has happened to the energy of the stone ? In the 
first place, the impact probably produced some noise, and, as 
we shall see later, sound is a form of energy since it is capable 
of doing work. Again, a delicate thermometer would show us 
that the stone was slightly warmer after the blow than before. 
Heat has been produced, and heat is a form of energy. We 
shall consider the full evidence for this statement in a later 
chapter. In the meantime it will be sufficient to reflect that 
the heat of the combustion of the coal in the furnace of a 
locomotive is the source of the motion of the train. Thus, 
since heat can produce work it must be a form of energy. It 
is the firm belief of scientists that energy can neither be 
created nor destroyed by any interaction which may occur 
between material bodies, but that it may be transformed by 
suitable means into any of the several forms of energy which 
are now known to us. It is our belief that if we were able to 
follow out completely the course of any interaction and to 
measure the sum-total of the energy of the bodies in all its 
different forms before and after the action, that this sum-total 
would be found to remain the same, although the forms in 
which the energy was to be found might be very different 
in the two cases. 
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The principle is not capable of proof in the strict sense of 
the word. It is, however, found to hold good in all cases 
where it is possible to evaluate the energy of the systems 
before and after the actions. If at any time we should 
discover some action which seemed to be inconsistent with the 
principle, we should probably not abandon it, but should 
assume that we were dealing with a new and hitherto unknown 
form of energy. Thus, when it was discovered that a small 
quantity of radium was capable of giving out heat continuously 
without contact with any known source of energy, we assumed 
that the heat radiated out by the radium was due to some 
source of energy stored up in the radium atom itself, and 
liberated by the breaking up of the atomic system. This 

hypothesis was found later to be in accordance with 
the facts. 

The principle of the conservation of energy may be stated 
as follows: 


The total energy of any material system is a quantity 
which can neither be increased nor diminished by any action 
between the parts of the system, though it may be trans¬ 
formed into any of the forms of which energy is susceptible. 

42. Dissipation of Energy.—A body moving with a velocity 
V has kinetic energy and will continue to possess this 

energy unless it is expended in doing work against some 
external force. In any actual case, however, friction is 
always called into play, and as it invariably acts in the 
opposite direction to the motion of the body, the latter is 
continually doing work against frictional forces and thus 
gradually losing energy. This energy is transformed into 
neat. The heat developed in the bearings of an express train 
IS quite considerable, so much so that precautions have to be 
taken to avert overheating. 

The heat produced is mechanically equivalent to the 
ener^ lost by the moving body; but it is not so readily 
aval able for doing work. It is not possible to transform the 
Whole of this heat back into mechanical work, and hence 
although the energy is not lost, it is transformed into a form 
which IS of less value to us. This transformation of energy 
Irom a higher to a lower grade is known as the degradation, 
or dissipation, of energy. Any action which is accompanied 
by inction results in the dissipation of energy. 



54 


MANUAL OF PHYSICS 


EXAMPLES. 

1. Calculate the energy of a bullet of mass J oz. moving 
with a velocity of 1600 feet per second. 

Oz. lb. 

K.K. = J X -g'lj- X 1600 X t6oo 

= 40,000 foot-poundals.] 

2. Calculate the energy (a) of a mass of i kilogram moving 
with a velocity of 6 metres per minute, (d) of a mass of 1000 
kilograms moving with a velocity of i metre per hour. 

3. A stone weighing 500 grams is dropped from a tower 
50 metres high. Calculate the energy with which it reaches 
the ground. 

4. A lift weighing 2 tons is raised 100 feet in 2 minutes. 
Calculate the work done and the horse-power required. 

[Work done=(2 x 2240) x 100=448,000 foot-lb. 

= 448,000 X 32 foot-poundals. 


Power = = 224,000 foot-lb. per minute. 


224000 


horse-power 


33000 
= 6-8 H.P.] 

5. Water is to be pumped from a mine 40 metres deep at 
the rate of 600 litres per minute. Calculate in watts the 
power required. 

6. A force equal to the weight of i gram acts upon a mass 
of 100 grams for i minute. Calculate the momentum and 
energy of the mass, and the work done by the force. 

[F=w.a; 1x981 = 100x^1; 

981 o 

a = - —=9*81 cms. per sec. per sec. 

100 

v=ia . /■= 9*81 X 60= 588'6 cms. per sec. 

.*. Momentum = w , v— 100 X 588*6= 58860 
K.E. = X 100 X (588*6)^= 15 X icfi ergs 

.*. Work done by force= K.E. of body = 15 X 10® ergs.] 

7. A force equal to the weight of J oz. acts on a mass of 
10 lb. for 2 minutes. Calculate the energy of the mass. 

8. An engine developing 5 horse-power drives a car 
weighing ^ ton up an incline of i in 10. Find the velocity of 
the car (neglecting friction). 
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EXAMINATION QUESTIONS.—II 

1. Explain the principle by which the resultant of two 
forces which have not the same direction is determined. 
The bob of a simple pendulum is deflected so that the string 
makes an angle of 6o® with the vertical. Determine the 
magnitude and direction of the acceleration of the bob at the 
moment when it is released. 

2. State the conditions which must hold in order that 
three forces which are not parallel may be in equilibrium. 
A picture weighing 9 lb. is hung by a cord passing over a 
smooth nail. The cord is 30 inches long, and its ends are 
24 inches apart. What is the tension in the string? 

3. How could you find the resultant of a number of forces 
acting in a plane when the magnitude and direction are given ? 
Forces of 4 units acting from E. to W., 3 from S. to N., 
2 from W. to E., and 1 from N. to S. act at a point. Find 
the resultant. 

4. An aeroplane is propelled horizontally. Draw a diagram 
illustrating the maintenance of equilibrium between the pro¬ 
pelling force, the reaction of the air against the tilted planes, 
and the weight, and show diagrammatically the relation 
between the relative values of these three forces. Show also 
that if the first or second of these forces increases the 
aeroplane will rise. 

5. Define momentumy and kinetic energy. A bullet of mass 
m is fired from a rifle of mass M, the rifle being supported 
in such a way that it is free to move parallel to its length. 
Compare (a) the momenta, (^) the kinetic energy of the rifle 
and bullet immediately after firing. 

6. State the relation between forcCy worky energyy and 
power. A 20-H.P. engine is employed to pump water from 
the bottom of a mine 100 feet deep. How many cubic feet 
of water will it raise in 24 hours ? (i cubic foot of water weighs 
62J lb.) 

7. A man, weight 140 lb., climbs a mine shaft 40 feet deep 
by a vertical ladder. What work does he do, and what power 
does he exert if it takes him i minute? Calculate the work 
done and the power exerted if he ascends by a sloping path 
of I in 8 in 2 minutes. 



CHAPTER VII 
MACHINES 

43 . Machines .—Any a//>araius by means of -which when a 
force is exerted at a given point and in a given direction a force 
available for doing external work is exerted at some other point 
or in some other directio 7 i is kno 7 vn as a machine. 

A simple pulley with a rope over it may be regarded as a 
machine, since by pulling downwards on one end of the rope 
an upward force is exerted on a weight attached to the other 
end. In the case of a pulley the force exerted on the 
weight is equal to the force applied to the rope, less the 
friction of the pulley. The only advantage gained by the use 
of a simple pulley is that it allows us to change the direction 
of the force. In general, however, the force exerted by 
the machine is not only changed in direction, but is greater 
or smaller than the force applied to the machine. Su*ppose, 
for example, that a man wishes to raise a block of stone weigh¬ 
ing 600 Ib., and that the maximum force which he can him¬ 
self exert is 200 lb. weight. It is obvious that he will be 
quite unable to lift the stone by his own unaided efforts. We 
have seen, however (§ 29), that the force required to move a 
mass up a smooth inclined plane of small gradient is very 
much less than the weight of the mass. Thus the man can 
raise the stone from a lower to a higher level by pushing it up 
a smooth inclined plane of suitable inclination. The inclined 
plane is a very simple mechanical machine. 

The force exerted on the machine is known as the power. 
The name is very unfortunate, as power has already been used 
in quite a different sense. It is better to speak of the force 
exerted on the machine as the “effort,” but “power” is the 
term most generally used. The force exerted by the machine is 
known as the weight, since simple machines are most usually 
employed for raising weights. “Resistance” is sometimes 
used instead of “ weight.” Thus, in the case of the inclined 
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plane (§ 29), the force along the string is the “power,” while 
the weight of the body on the plane is the “weight,” The 
power is less than the weight, the relation between the two 
being given by 

“ power ”s=s “ weight ” x sin ^ 

where & is the angle of inclination of the plane to the 
horizontal. 

44 . Application of the Principle of Work._It follows 

from the principle of the conservation of energy that we 
cannot get more work out of a machine than we put into it. 
By the aid of a machine we may by exerting only a small 
force be able to raise a large weight, but the work which must 
be done to raise the weight a given height is not diminished 
in any way by the action of the machine. If the machine 
works entirely without friction, so that there is no loss of energy 
in the machine itself, then the work done by the power is equal 
to the work done on the weight. No real machine is friction- 
less, and some energy is always spent in overcoming the friction. 
This energy must be supplied by the power, and hence the 
work done in raising a weight by means of a machine is 
always greater than when a machine is not employed. If the 
power is less than the weight, it follows from the principle of 
work that it must move through a greater distance. 

The ratio of the distance moved through by the power to the 
distance moved by the weight is known as the velocity ratio of 
the machine. 

The ratio of t?te weight to the power which must be applied to 
raise it is known as the mechanical advantage of the machine. 

If the machine works entirely without friction the velocity 
ratio is equal to the mechanical advantage. For let P be the 
power, and W the weight, when the machine is in equilibrium. 
Since there is no friction a force infinitesimally greater than P 
will set the machine in motion. Let d^ be the distance 
moved through by the power in a small time, and the 
corresponding displacement of the weight. The work done 
by the power is P . d^ while the work done on the weight is 
W . d^. Since there is no gain or loss of energy in the system 
as a whole these quantities must be the same. 

Hence V . . d.^ 

V‘^2=W/P 

(velocity ratio) = (mechanical advantage) 
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Thus, if the power is smaller than the weight, it will have to 
move through a correspondingly greater distance in a given 
time. This result is summed up in the phrase, “What is 
gained in power is lost in speed.” 

If, however, there is friction in the machine the force 
necessary to set it in motion will be greater than the force 
necessary to keep it in equilibrium, as the force applied must 
be sufficient to overcome the friction in the machine. Thus 
the mechanical advantage will in any real case be less (and 
is often considerably less) than the velocity ratio. The ratio 
of the actual mechanical advantage of a machine to its velocity 
ratio is known as the efficiency of the machine. Thus we have : 

Mechanical advantage = velocity ratio x efficiency. 

The efficiency of a machine can only be determined by 
experiment. The velocity ratio can always be calculated 
from its dimensions and arrangement. As we have seen, if 



the machine works without friction the mechanical advantage 
is equal to the velocity ratio, and can thus be calculated. 

The principle of the conservation of energy, or the principle 
of work as it is generally called in this connection, will enable 
us to solve readily most of the problems connected with simple 
machines in which friction is ignored. 

45 . The Inclined Plane.—We have already discussed the 
inclined plane, but it will be interesting to apply the principle 
of work to this case. Suppose that P is the power applied 
parallel to the plane, and that W is the weight of the body on 
the plane. The power P will just maintain the weight in 
equilibrium on the plane. Let us apply a power infinitesi- 
mally greater than P and the weight will move up the plane. 
Suppose the length of the plane is AC and the height BC 
(hig. 18). When the body moves from A to C the work 
done by the power is P . AC. The work done on the weight 
is equal to the weight multiplied by the vertical distance 
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through which it has been raised, that is, W . BC. By the 
principle of work, if there is no friction these two quantities 
of work must be the same. 

Hence P . AC = W . BC 

mechanical advantage = W/P 

== AC/BC 

I/sin 0 

Also P—W sin df a result which we previously obtained by 
the principle of the resolution of forces (§ 29). 

46 . The Windlass, or Capstan.—A cylinder A (Fig. 19) has 
a handle B attached to it, and the weight is suspended by a 
rope coiled round the cylinder. The power is applied at right 
angles to the direction of the handle. Thus viewed end on, 

3 




Fig. 19.—The Windlass. 

the machine appears as in the right-hand drawing in Fig. 19. 
When the handle has made one complete revolution the cylinder 
has also made a complete revolution, and a length of rope has 
been coiled upon it equal to where r is the radius of the 
cylinder. Thus the weight rises a height a-rz-for each complete 
turn of the handle. The work done on the weight is therefore 

At the same lime the power has described a circle 
the circumference of which is 2<rR where R is the radius of 
the handle, and the work done by the power is equal to 
P . acrR, assuming that the power is always perpendicular to 
the handle. Hence, by the principle of work— 

W . 2 irr= P . a-xR 

The mechanical advantage= W/P= R/r 

Ihis device is known as the ivindlass, or wheel and axle, and 
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is often seen on wells. A similar device, in which the 


cylinder is vertical and the power applied horizontally, is 



used on ships under the name of the 
capstan. 

47 . The Screw-A screw S (Fig. 

20) fits into a fixed nut NN, and 
can be turned by a power applied at 
the end of an arm A. As the arm is 
rotated the screw turns in the nut, 
and as it turns moves bodily forwards 
in the direction of its length. For 
each revolution the screw moves for¬ 
wards a distance equal to the distance 
between two consecutive threads 


measured parallel to the axis of the 
screw. This distance is known as the pitch of the screw. 
Thus, if there are eight threads in each inch of the screw, the 


pitch is ^ inch. If the length of the arm 
is L and d is the pitch of the screw, the 
power moves a distance of 2 -tL when the 
weight moves a distance of d. Hence if P 
is the power and W the weight, then by the 
principle of work : 

P . 2 ^L=W. d 

The mechanical advantage = W/P— 2^L/</ 
_circumference of arm 

pitch of the screw 

This device is used in letter presses, book¬ 
binders’ presses, and similar machines for 
applying a great pressure to a given object. 

48 . Systems of Pulleys,—As we have 
seen, a single fixed pulley only serves to 
alter the direction of a force. It is possible, 
however, by using movable pulleys to obtain 
a considerable mechanical advantage. Vari¬ 
ous systems of pulleys have been devised 
and are in common use. A convenient 
form is illustrated in Fig. 21. It consists 
of two sheaves each containing the same 
number of pulley wheels. In the figure the 



of Pulleys. 


wheels are shown one below the other for the sake of clear¬ 


ness, but they are generally mounted side by side on the same 
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axle. The cord is firmly attached to one of the sheaves, 
passes round the first pulley of the other set, back again round 
the first pulley of the first set, and so on. When the free end 
of the cord is pulled, the lower block gradually rises. 

Let n be the number of portions of string joining the two 
sheaves (it is 6 in the figure, and is equal to the total number 
of pulley wheels in the two sheaves). Let us suppose that 
the lower block is lifted a distance x. Then a length of cord 
equal to x is left slack in each of the portions, and the free 
end will have to be pulled a distance n . x to make the strings 
taut again. Thus, when the weight moves a distance x the 
power must move through a distance nx. Hence, by the 
principle of work— 

W . x= P . nx 


The mechanical advantage= 


W 

~F 


n 


The weight of the lower block, which rises with the weight, 
is included in W, and must be subtracted from it to find 
the extra weight which the system will actually raise. 

The mechanical advantage of other arrangements of pulleys 
can be found in a similar way. 



Fig. 22.—The Lever, First Type. 


49 . Levers.—A lever is a long bar, which may be either 
curved or straight, and which moves about a fixed point on 
the bar known as the fulcrum. The ordinary crowbar is a 
good example of a straight lever. 

*11^^ 22) be a lever with a fulcrum at C. We 

will suppose that the power is applied at the end B, and the 
weight at A, both forces acting at right angles to the bar AB. 

uppose the bar is allowed to turn through a small angle into 
some position such as A'B' about the fulcrum C. Then the 
tnangles CAA* and CBB' are similar, and AA 7 BB'= CA/CB, 

_ Also, by the principle of work, the work done by the power 
>8 equal to the work done on the weight. 
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Mechanical 


W.AA' = P.BB' 


advantage = W/P BB/A A'=CB /CA 


distance of power from fulcrum 
distance of weight from fulcrum 


neglecting the weight of the lever itself. In a second type of 
lever the fulcrum is at one end of the bar and the weight is 



^ p 


8 


Fig, 23.—The Lever. Second Type. 

applied between the power and the fulcrum (Fig. 23). The 
calculation is the same as in the previous case. 

A third type of lever is sometimes used which resembles the 
second type (Fig. 23) in having the fulcrum at one end, but . 
the power is applied between the fulcrum and the weight; t.e. 
the power acts at some point such as A, and the weight to be 
lifted at B. The mechanical advantage is obviously less than 
unity ; but the velocity ratio is greater than unity. This 
system is employed when a large power is available, and it is 
desired to move the weight rapidly. The human forearm 
provides an example, the muscles which move it are attached 
quite close to the elbow which serves as the fulcrum. Thus a 
very small contraction of the muscles produces a consider¬ 
able motion of the hand. 


EXAMPIiBS. 

{^The machines are supposed to tuork tuiihout friction^ 

except in (3).) 

1. A mass of i cwt. rests on a smooth plane inclined at 
an angle of 30® to the horizontal. What force acting parallel 
to the plane will be required to keep it in equilibrium? 

2. The arms of a capstan are 4 feet long and the 
diameter of the axle is i foot. If 6 men each take an arm, 
what force must each exert to raise an anchor weighing i ton, 
assuming they all exert the same force? 

3 -^ The pitch of a screw is 4 mm., and the power is 
applied at the end of an arm zo cms. long. It is found 
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experimentally that a force equal to the weight of i kilogram 
is required to raise a mass of 31-4 kilograms by means of 
the machine. Calculate its efficiency. 

4. In the system of pulleys similar to that shown in Fig 18 
there are 4 puUeys in each block. What force must be 
applied to raise a mass of 1 ton ? 

5- In a certain machine it is found that the power arm 
must be moved through a distance of 1 foot to raise the 
weight a distance of i inch. What power will be required 
to raise a mass of 10 cwt. ? 
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PARALLEL FORCES 

50 . Equilibrium of a Rigid Body acted upon by Parallel 
Forces.—If the power and the weight acting on a lever are 
adjusted to balance one another the lever is in equilibrium, 
under the action of the forces upon it. In a previous chapter 
we considered the equilibrium of a body under a system of 
three forces acting at a single point. The lever provides us 
with a simple example of a body being in equilibrium under 
the action of three forces acting at different points in the 
body. These forces are the weight W, the power P, and the 
reaction R of the fulcrum on the lever. It will be seen that 
they are all parallel. 

Since the forces W and P can be balanced by a single 
force R, they must have a resultant which is equal and opposite 
to R, and acts through the same point. Two parallel forces 
acting in the same direction are called ; if they act in 
opposite directions they are called uu/ike. Thus in Fig. 22 
W and P are like parallel forces; in Fig. 23 they are unlike 
parallel forces. 

The resultant of two like parallel forces can be deduced 
from Fig. 22. Let us suppose that the whole system of 
lever and fulcrum is raised so that the lever moves a small 
distance d parallel to itself. Thus each of the forces has its 
point of application moved through the same distance d. 
Work is done by the force R, while work is done upon the 
forces W and P. As the system as a whole is in equilibrium, 
and there is therefore no resultant force acting on it, the work 
done in displacing it is zero. 

Hence R . </= W . d-\-V . d 

R = W-f-P 

The resultant of the forces P and W which is equal and 
opposite to R is therefore equal to the sum of the two forces. 
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By § 49 through a point C which divides the per¬ 

pendicular distance between the two forces in the inverse 
ratio of their magnitudes. 

If we treat the lever in Fig. 23 in exactly the same way it 
can be shown that 

R = W —P 

acting at a point C beyond W such that 

W.AC=P.CB 

Thus the resultant of two unlike parallel forces is equal to the 
difference between them, and acts in the direction of the 
greater of the two, through a point beyond the greater of the 
two forces such that the perpendicular distances of the forces 
from the point are inversely proportional to the magnitudes of 
the forces. 

51 . Moments- The product of a force into the length of the 

perpendicular let fall upon its line of action from any point is 
known as the moment of the force about that point. 

It measures the tendency of the force to cause the body on 
which it acts to begin to rotate around that point. 

Thus P . CB and W. AC (Fig. 22) are the moments of the 
forces P and W about the point C. The force R which acts 
through C has obviously no moment about this point. 

The moment of a force about a point is generally regarded 
as positive if it tends to set up rotation in a counter-clockwise 
direction, and negative if the rotation is clockwise. Thus the 
moment of W about C is positive, and that of P is negative. 

The total moment of a system of forces about a point is 
the algebraical sum of their separate moments about the same 
point, and represents the sum of their tendencies to produce 
rotation. The total moment of the three forces acting on the 
lever about the point C is therefore W. AC — P. BC, since R 
has no moment about C. But when the lever is in equilibrium 
we have W . AC= P . CB ; the total moment of the forces about 
C is zero. This is the condition which must be satisfied for 
the lever to have no tendency to rotate. 

Applying this idea of moments we can combine the results on 
like and unlike parallel forces in the following convenient form: 

A. system of parallel forces acii?ig o?i a rigid body in o?ie 
plane will be in equilibrium (a) if the algebraical su?n of the 
forces is zero^ (b) if ike algebraical sunt of their moments 
about any point in the plane is also zero, 

S 
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Condition (<7) implies that the forces have no tendency to 
move the body as a whole, (^) that they have no tendency to 
rotate it. 

51 * Equilibrinm of a Rigid Body under the Action 
of a System of Co-planar Forces*—-The principle of moments 
applies to any system of co-planar forces which maintain 
a body in equilibrium, whether the forces are parallel 
or not. Since the body is in equilibrium it can have no 
tendency to turn about any point, and thus the algebraical 
sum of the moments of all the forces about any point in the 
plane must be zero. Also the body has no tendency to move 
bodily in any direction. This condition will be satisfied if 
the algebraical sum of the resolved parts of all the forces in 
each of two directions at right angles is equal to zero. These 
conditions are sufficient to determine the equilibrium of any 
rigid body under the action of any system of forces all acting in 
the same plane. 

52 . Couples.—The case when two equal but unlike parallel 
forces act on a body is peculiar. Since the forces are equal 
and unlike, their resultant must be zero. But since the forces 
do not act in the same line they will have a moment about any 
point in the plane, which is equal to the product of either 
force into the perpendicular distance between them. It is 
impossible, therefore, to find any single force which shall 
satisfy the two conditions of equilibrium. 

T'kus a system of i2vo equal unlike parallel forces ‘which do 
not act throzigh the same point cannot be replaced by any single 
force. It is known as a couple. 

The perpendicular distance between the two forces is known 
as the arm of the couple. 

The strength of a couple is defined as the product of one 
of the forces into the perpendicular distance between them. 

It measures the tendency of the couple to produce rotation. 
The system of forces applied by the hand to a clock key 
when winding up a clock constitutes a couple, the fingers 
pressing on the two ends of the key with equal and opposite 
forces. 

53 . Experimental Verification of the Law of Moments.—Our 
results on parallel forces can easily be verified experimentally. 

A metre scale is suspended by a string or wire passing through 
a hole exactly at its centre, so as to be free to turn in a vertical 
plane (Fig. 24). The other end of the string is attached to a 
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spring balance. Two weights W and P are hung upon the 
scale on opposite sides of the support and adjusted until the 
scale balances in a horizontal direction. If the distances of 
the weights from the point of support are read off on the scale 
it will be found that the product of the weight into its distance 
from the point of support is the same for both—that is 
W . CB=P . CA. 

If the spring balance is now read it will be found that the 
reading of the balance is the sum of the weights P and W 

plus the weight of the metre scale itself if the latter is 
appreciable. 

Instead of confining ourselves to two weights any number 
of weights can be suspended from the metre scale, and 
adjusted in various ways to make the scale horizontal. In 
every case it will be found that the sum of the moments of the 



Fig. 24.— Experimental VeriScation of the Law of Moments. 


weights about the point of support is zero (due attention being 
paid to the sign of the different moments). In this way the 
law of moments and the various propositions regarding the 
equilibrium of parallel forces can be illustrated. 

Common Balance.—If a known weight is sus¬ 
pended from one end of the metre scale in the previous 
paragraph, and another weight is hung from the scale at an 
equal distance on the other side of the point of support, 
the scale will be horizontal only if the second weight is 
equal to the first. This is the principle of the common 


A common balance (Fig. 25) is, therefore, a lever with 

known as the beam, supported so as to be able to 
urn freely about a fulcrum at its centre. For convenience, 
scale pans are hung at the two ends of the beam, at equal 

swSLi K They are supported so as to 

g freely about their points of attachment- A long pointer. 
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rigidly attached to the beam and moving over a graduated 
scale enables the observer to determine when the beam is 
accurately horizontal. 

Mechanical devices (not shown in the Figure) enable the 
balance arm and the pans to be lifted from their supports 
when the balance is not in use. This prevents undue wear 
in the bearings. 

Thus, if we are furnished with a set of known weights, we 
can determine the weight of another body by placing it in one 
of the scale pans and adding suitable known weights to the 
other pan until the balance is in equilibrium. The weight 



of the body is then equal to the sum of the weights in the 
other pan. Since the mass of a body is proportional to its 
weight, the mass of the body will also be equal to the sum 
of the masses in the other pan. The common balance can 
therefore be used to measure the mass of a body. 

It is essential for accuracy that the two arms of the 
balance shall be exactly the same length, and that the 
three forces acting on the beam shall be exactly parallel. 
In balances used for accurate weighing the beam carries 
three knife-edges rigidly attached to it, all the edges 
being parallel to each other, and in the same plane. 
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The centre edge points downwards, and rests, when the 
bailee is in use, on a horizontal agate plate. The two outer 
knife-edges point upwards and serve as supports for two 
agate plates from which the scale pans are suspended, as 
indicated m Fig. 25. The centre knife-edge is the fulcrum 
and the weights are applied to the beam exactly at the outer 
knife-edges. Since both the pans and the beam are free to 
swmg about their respective supports all three forces acting 
on the beam are exactly vertical. The use of knife-edges and 
ag^e plates reduces friction to a minimum, and the balance 
is thus free to take up its true equilibrium position. 



In addition, it is necessary that the scale pans should be of 
qual weight, and that the two arms of the beam should also 
be of equal weight, so that the beam rests in a horizontal 
portion both with and without the scale pans. 

shall conditions are necessary in order that the balance 

^ be The conditions which must be fulfilled in 

lar^J s£»s///ve (that is, that it shall show a 

large deflection for a small difference in the weights in the 
pans) are discussed in § 61*. 

a Common Steelyard—This instrument consists of 

near one from a fulcrum C 

"n a f ° o^out the point of suspension 

The hod f pjone. The rod is in equilibrium when unloaded, 
he body to be weighed is placed on a liook H supported 
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from a knife edge at A, while a constant weight W can slide 

along the rod, which is graduated. This weight W is moved 

along the bar until the bar balances in a horizontal position. 

Since the balance is now in equilibrium, if X is the unknown 

weight, and B the position of the sliding weight W on the 
bar, 

X . AC = W . CB 

W 

X=-.CB 

But AC and W are fixed and constant. Hence the weight X 
is directly proportional to the distance of B from the fulcrum. 
The rod can thus be graduated to read directly in pounds, 
cwts., or other suitable units. 

The steelyard is used for weighing heavy masses. By 
marking the length AC suitably small, a comparatively small 
weight W can be made to balance a very heavy weight 
at A. 


1. Two like parallel forces of 500 and 1000 gram weight 
act upon a body, the perpendicular distance between their 
lines of action being 66 cms. Find their resultant. 

[R= P + W = 500-h 1000= 1500 gram weight. 

Let X — distance of line of action of R from that of smaller 
force. 

a: . 500= 1000 (66— x) 

x=44 cms.] 

2. Find the resultant of two unlike parallel forces of 3 and 
9 lb. weight, the perpendicular distance between their lines of 
action being 4 feet. 

3- A light rod (the weight of which may be neglected) 3 feet 
in length is placed upon a fulcrum i foot from one end. If a 
weight of 10 lb. is placed at this end, what weight must be 
placed at the other for equilibrium ? 

4. A man and a boy carry a load of 60 lb. by means of a 
pole 4 feet long. Where must it be attached to the pole that 
the boy may bear one-third of the weight, neglecting the 
weight of the pole ? 

5. If the pole in the preceding example weighed 30 lb.. 
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where must the load now be placed if the boy is still to bear 
one-third of the total weight ? 

[Total weight=6o-f-3o=9o lb. Boy carries 30 lb. 
and man 60 lb. Let x be distance of attachment 
of load from the centre of the pole. The weight of 
the pole acts through its centre. Take moments 
about this point. The total moment is zero for 
equilibrium. 

•*. 30 X 2 4 “ 60 'X. X —60X 2 = 0 

I foot from centre of pole. 

= I foot from man’s end.] 

6. The arms of a grocer’s balance are 5 inches and 6 
inches long respectively, but the scale pans are weighted so 
that the balance is in equilibrium when the pans are empty. 
A I lb. weight is placed in the pan attached to the shorter 
arm, and sugar is poured into the other pan until the balance 
is in equilibrium. ^Vhat is the actual weight of the sugar in 
the pan ? 

7. Masses of 100 grams and 300 grams are attached to the 
lo-cm. and the 70-cm. graduations on a metre scale. About 
what point will the scale balance (a) if the mass of the scale 
is negligible, (d) if the mass of the scale is 100 grams and acts 
through its middle point ? 

8. A body when placed in the right-hand pan of a balance 
(the arms of which are not of equal length) is found to require a 
weight, Wj, to balance it. If the body is transferred to the 
left-hand pan, it is balanced by a weight W2. Show that the 
true weight W of the body is equal to VW W 

X 2 * 

[Let /j, /g be the lengths of right and left arms. Then 

(1) w/i=Wi 4 . 

(2) W2 /i=\V4 W%4 =WiW2/i4 .] 



CHAPTER IX 

GRAVITATION—CENTRE OF GRAVITY 


56 . Experiments on Falling Sodies.—We have already 
stated (§ 14) that any body, if allowed to fall freely, does so with 
an acceleration which is constant at a given place on the earth’s 
surface, and is the same for all bodies. We will now consider 
some of the experiments by which these statements may be 
verified. 

The first accurate experiments on freely falling bodies were 
made by Galileo. He found that when two lead shot of 
different masses were dropped simultaneously from the top of 
the leaning tower of Pisa, they reached the bottom at the 
same instant. Thus the acceleration of the shot was independ¬ 
ent of their mass. By dropping balls of different material in 
the same way it was shown that the motion is also independent 
of the substance of which the ball is made. 

If one of the bodies is very light and of considerable 
surface, a discrepancy may be observed. For example, if we 
drop at the same moment a heavy lead weight and a feather, 
the former will reach the ground considerably in advance of 
the latter. This result is due to an extraneous effect, namely, 
the resistance of the air. The air opposes a resistance to 
motion which depends on the area of a body, but in no way 
on its mass. In the case of a heavy body of small surface 
area the resistance of the air is practically negligible in com¬ 
parison with the weight. If, however, the body is light and 
the area large, the air resistance will be a much more appreci¬ 
able fraction of the weight of the body, and hence the motion 
will be appreciably retarded. It can easily be shown that 
this explanation is correct. A feather and a heavy coin are 
placed on a platform at the top of a long glass tube, and the 
ttibe is then freed from air. On allowing the two bodies to 
fall at the same instant by tilting the platform, it is found that 
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the feather and the coin now reach the bottom of the tube at 
the same moment. 

The experiments of Galileo can be repeated in the labora¬ 
tory by suspending two iron weights of different size from two 
electro-magnets at the same height above the ground. On 
breaking the circuit the two bodies are released simultane¬ 
ously. The sounds made by the bodies striking the ground 
will then also be heard simultaneously. The independence 
of the acceleration on the mass and material of the body can 
be proved much more accurately by indirect methods. 

The fact that the acceleration of a falling body is 
uniform can be demonstrated by a rather neat ex¬ 
periment. A heavy glass plate is covered with a 
layer of soot, by holding it over a smoky flame, and 
is then suspended by thin cotton from a hook 
(Fig. 27a). A tuning-fork is arranged so that its 
prongs vibrate in a horizontal plane. One of these 
prongs carries a 
stifl bristle which 
is placed in contact 
with the lower end 
of the plate. Now, 
the prong of a 
tuning - fork when 
set in motion vi¬ 
brates uniformly, 
that is, each of its 
vibrations takes ex¬ 
actly the same time. 

Thus, if we take a 
tuning-fork which 

makes thirty complete vibrations in one second, each of those 
vibrations will occupy exactly one-thirtieth of a second. 

The tuning-fork is set vibrating, and the thread supporting 
the plate is burned. The plate drops past the tuning-fork, 
which marks a wavy line upon it, somewhat as shown in 

Fig. 27^. 

Draw a straight line through the middle of the curve as 
shown in the figure, and measure the distances AB, AC, AD, 
AE, . . , Now, while the prong of the tuning-fork was moving 
from its middle position at A to the extreme end of its swing 
and back to the middle line at B, the plate has fallen through 
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a distance AB. This is, therefore, the space fallen through in 
the time occupied by one-half a complete vibration of the fork, 
that is, in one-sixtieth of a second. At C the fork is passing 
through its mid position in the original direction and has 
completed one whole vibration. Hence AC is the space 
fallen through in one-thirtieth second, and so on. 

On measuring the curve it will be found that 

AC= 4 . AB= 2®. AB 
AD= 9 .AB= 32 .AB 
AE=i6 . AB = 4 ** AB 

and so on. But the time taken from A to C is twice the time 
from A to B, the time from A to C is three times the time 
from A to B, and so on. Hence the space fallen through is 
directly proportional to the square of the time. Comparing 
this with the equation for uniformly accelerated motion 

we see that the plate is falling with a uniform acceleration. 

If the time of one complete vibration of the tuning-fork is 
known, the value of the acceleration due to gravity, can be 
deduced. Thus the time occupied in falling a distance AG 
in the figure is three complete vibrations, that is, 3 X ^ or 
one-tenth second if the time of vibration of the tuning-fork is 
one-thirtieth second. Substituting in the formula 

we have AG = i . (-iV)®* Hence if AG is measured on the 
plate, say it is 4*9 cms., we have 

980 cms. per sec. per sec. 

100 

In practice the value of ^ is determined by indirect experi¬ 
ments. The simplest method is that of the simple pendulum. 

57 . The Simple Pendulum.—If a small heavy bob is sus¬ 
pended at the end of a long thin thread, the other end being 
fastened to a fixed support, then if the bob is displaced to one 
side and set free it will continue swinging backwards and for¬ 
wards for some time. Such a device is known as a simple 
pendulum (Fig. 28). It can be shown that for a pendulum of 
given length each complete swing (from one extremity across 
to the other extremity and back again) takes exactly the same 
time unless the arc through which the pendulum is swinging 
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is very large. It can be shown that /, the time of one com¬ 
plete vibration of a simple pendulum, is given by the equation 



where / is the length of the pendulum (from the point of 

support to the centre of the bob) and ^ is the acceleration 

due to gravity. The time of swing can be measured with 

considerable accuracy by finding the time taken by the 

peridulum to execute a large number of swings (say loo), and 

dividing the whole time by the number of swings. Thus if t 

and / are measured, the value of g can be determined from 
the equation. 

The fact that the vibrations of a 
pendulum are isochronous is of great 
value in measuring time. The majority 
of accurate clocks are regulated by means / 

of a pendulum. The pendulum is in / 

fact the time-keeping portion of the • 

clock, the rest of the mechanism being / 

merely for the purpose of maintaining / 
the vibrations of the pendulum and * 
registering them in a convenient way. ! 

It will be seen from the formula that ' 
the length of the pendulum is proper- - 

v°bratinn F.c aS.-The Simple 

viDration. Thus, if we make the length Pendulum. 

of the pendulum four times as great, the 

time of swing is doubled. Conversely, if the length is reduced 
to t, the time is halved. 

pendulum which makes one complete vibration in one 
second IS known as a seconds pendulum. Its length can be 
ralculated by substituting the value of g in the equation. 

spcnrf ^ ^ P®'' P®*' " ‘’’e length of the 

doT™ ^ pendulum as defined above is 24 84 cms. A pen- 

will k"- makes one complete vibration in 2 seconds 

of ‘l^e seconds 
4x24 84 or 99-36 cms. This is very nearly 
dnb.rJ, convenient to remember that a simple pen- 

, * metre long will make one complete vibration in very 

A pendulum which makes half a complete vibration iu 
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I second is also often described as a “seconds** pendulum since 
the bob passes its lowest point once every second. This 
practice, however, tends to cause confusion, and it is better to 
define a seconds pendulum, as we have done above, as one 
which makes one complete vibration in i second. 

58. The Law of Gravitation.—We have already seen (§ 19 ) 
that the fact that all bodies fall with the same acceleration 
indicates that they are attracted to the earth by forces which 
are proportional to their masses. This force is known as 
gravity. The law of gravitation may be stated as follows : 

£lvery particle of matter attracts every other particle oj 
matter with a force which is directly proportional to the product 
of their masses and inversely proportional to the square of the 
distance between them. 

In the case of a falling body the two masses are the mass 
of the falling body itself and the mass of the earth. It can 
be shown that the earth acts gravitationally as if its mass were 
concentrated at the centre of the earth. Now this distance 
is so great compared with the small distances from the earth*s 
surface to which our experiments are usually confined that we 
may regard all the falling bodies in our experiments as being 
at the same distance from the centre of the earth. Also, the 
mass of the earth is constant. Hence at a given place on 
the earth’s surface the force of gravity on a body is equal to 
the mass of the body multiplied by a constant which will be the 
same for all bodies. Since, however, the earth is not a perfect 
sphere, being flattened at the Poles, bodies near the surface of 
the earth at the Poles are nearer the centre of the earth than 
bodies on the Equator. Also, since the earth is rotating about 
its axis, bodies upon its surface have a tendency to be thrown 
off, just as the mud is thrown off a rapidly rotating bicycle 
wheel. This tendency is greatest at the Equator, where the 
velocity is the greatest. A portion of the pull due to gravity is 
expended in neutralising this tendency. The acceleration due 
to gravity is thus somewhat greater at the Poles than at the 
Equator. 

Gravitation is one of the most important and universal of 
forces. The moon is maintained in its course round the 
earth, and the earth and other planets in their courses round 
the sun, by the force of gravitation. Nothing, however, is at 
present known as to the nature of this force. 

59. Centre of Gravity.—Let us take a flat metal plate oJ 
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Fig. 29.—Centre of 
Gravity, 


any shape whatever, and punch a number of holes through it, 
such as A, B, C, D (Fig. 29 ). Hang 
up the plate from a small smooth nail 
passing through one of the holes, and 
drop a plumb line from the nail to 
give the direction of the vertical line 
through the nail. Let the plate come 
to rest, and trace this vertical direction 
upon it. Repeat the experiment with 
each of the other holes in turn. It 
will be found that no matter where the 
holes are punched all the different 
lines will pass through a single point 
upon the plate, such as O in the 
figure. Thus there is one certain 
point fixed relatively to the plate 
which, no matter from what point the 
plate is suspended, will invariably be 
vertically below the point of suspen¬ 
sion. This point is known as the centre of gravity of the plate. 

There is a similar point for solid bodies of any shape, but 

in this case the point will in general 
be somewhere within the material 
of the body and not so easily 
accessible to direct experiment. 

Now if a body is suspended 
from a point the forces acting 
upon it are the resultant force of 
gravity, and the reaction of the 
support. But for the body to 
remain in equilibrium these two 
forces must be equal and also must 
act along the same straight line. 
Otherwise the reaction R and the 
weight W (Fig. 30 ) would produce 
a couple tending to turn the body 
round. Hence if the body is sus¬ 
pended freely it must always come 
to rest in such a position that the 



W 

Fig. 30.—Forces on a 
Suspended Body. 


point in the body at jb ^ the 
force of gravity upon it acts is vertically belo 
support. Our experiments teach us that no 
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the body is turned with respect to the earth the resultant 
gravitational attraction, that is, the weight of the body, acts 
through a single point which is fixed relatively to the body. 

Thus we may also define centre of gravity in the following 
ways : 

T?ie centre of gravity of a body is that point fixed relative to 
the body at which the whole weight of the body may always be 
supposed to act. 

If a body is freely supported at its centre of gravity, then 
the reaction and the weight both pass through this point 
whatever the position of the body may be. The body will 
therefore always be in equilibrium and will rest in any 
position. Hence— 

The centre of gravity of a body is a point fixed relatively to 
the body such that if the body is freely supported at that point 
it will rest in any position. 

The conception of centre of gravity provides a very con¬ 
venient method of taking into account all the forces of gravity 
acting on the body. They may always be replaced by a 
single force acting vertically downwards through the centre 
of gravity, and equal to the whole weight of the body. Thus 
in the problems of the lever, if the weight of the lever is Wy 
and its centre of gravity is at a point O between C and B 
(Fig. 22 ), we have 

W . AC=P . . CO 

All problems on equilibrium, where the weight of the 
body has to be taken into account, are solved in this way. 
It is quite unnecessary, and generally confusing, to attempt 
to consider the effect of gravity on different parts of the 
body. 

It may be noticed that we have refrained from saying 
that the centre of gravity of a body is a point in the body. 
It may lie outside the body altogether. For example, 
the centre of gravity of a hoop is at the centre of the 
circle formed by the hoop and therefore outside the 
substance of the hoop. It is, however, fixed relatively to 
the hoop. 

60. Determination of the Centre of Gravity.—The position 
of the centre of gravity (C.G.) of a plate can be determined 
by the experiment already described, by suspending it from 
two different points in succession, and finding the point on 
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the pl&tc where the two vertical lines drawn upon its surface 
intersect. This, as we have seen, is the C.G. In the case of 
a solid body we could not find this point directly, but we 
could calculate its position relative to some point on the 
surface, by making suitable measurements. 

In the case of symmetrical bodies it is often possible to 
calculate the C.G. of the body from its geometrical form. 
Suppose, for example, we consider a long uniform rod (Fig. 31) 
with its centre at O. Then the whole rod is symmetrical 
about O, and it is possible to divide it up into a series of pairs 
of thin slices of equal thickness such as C. C', situated at equal 
distances from the centre O. Since these are equal their 
weights are equal and act at equal distances from O. Hence 
the resultant of the two weights acts through O. Similarly 
for all the other pairs of sections into which the rod may be 
divided. Since all the separate resultants pass through O, 



Fig. 31 —Centre of Gravity of a Uniform Rod. 


the resultant of them all must pass through O. Hence O is 

the C.G. of the rod. Similarly, if any body is completely 

^mmetn^l with respect to some point O, that point is the 
C.G. of the body. 

Thus the C.G. of 

a uniform rod is at its middle point. 
a arcular ring\ . 

a circular disk] centre of the circle. 

a sphere is the centre of the sphere. 

f 4 is at the intersection of its diagonals. 

a cylinder is at the middle point of its axis. 

It can be shown that the centre of gravity of a triangular 

fCf intersection of the straight lines joining 

middle point of each of the sides to the opposite angle, 
^y^geometry this point is one-third of the way up this median 

nrvTu^ gravity of a solid cone is one-quarter of the way 

up the axis of the cone. 
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61. Eqailibriuin of a Body resting on a Horizontal Plane. 
—We have seen that for a body to be in equilibrium the 
reaction of the support must pass through the C.G. 
In the case of a suspended body the C.G. will always be 
below the point of support. If, however, instead of sus¬ 
pending the body we place it upon some flat surface, the 
centre of gravity will be above the support. In this case also, 
however, the body will be in equilibrium if the reaction of 
the supporting surface, which acts vertically upwards, passes 
through the centre of gravity. This will always be possible 
if the vertical line from the C.G. of the body falls within the 
area of contact of the body with the plane (as in Fig. 32^7). 
If, however, this vertical line falls outside the base of the body, 
as in Fig. 32^, it is obvious that the reaction between the 
plane and the base cannot pass through the C.G., and the 



Fig. 32a. Fig. 32^. 

Bquilibrium on a Horizontal Plane. 


body will overturn. By the “base” of a body we mean the area 
enclosed by a string stretched tightly round all the points at 
which the body touches the plane. Thus, in the case of a 
chair, the base is the area enclosed by a string stretched round 
the four legs. If the vertical from the C.G. falls within this 
area the chair will be in equilibrium. 

It is necessary, however, to distinguish three kinds of 
equilibrium. For example, a book lying on its side (Fig. 33*3) 
is in equilibrium, the C.G. falling w’ithin the supporting area. 
Also, if the book is slightly disturbed it will fall back again 
into its old position. The equilibrium is therefore said to be 
stabU, 

On the other hand, it is possible to balance an egg on its 
pointed end so that the C.G. of the egg is vertically above the 
point of support (Fig. 33<^). The egg is in equilibrium since 
the reaction at the point passes through the C.G., but the 
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equilibrium is very different from that of the book on its side. 
The slightest disturbance will upset the equilibrium, and the 
egg will roll over upon its side. In this case the equilibrium 
is unstable. 

As an illustration of the third kind of equilibrium we may 
take a round ruler lying on its side. The ruler has Vio 
tendency to roll into any other position. On the other hand, 
if it is slightly displaced it will not tend to revert to the 
original position, but will remain where it is. The equilibrium 
in this case is said to be neutral. Other examples of neutral 



Fig. 33a. Fig. 33d. 

Varieties of Equilibrium. 


equilibrium are a sphere resting on a horizontal plane, and a 
body supported at its centre of gravity. 

If we examine these examples closely we shall find that 
the equilibrium depends on the direction of motion of the 
C.G. of the body during the slight displacement. In the cases 
of stable equilibrium the effect, of the displacement is to move 
the centre of gravity in an upward direction—that is, to raise 
it On the other hand, in the cases of unstable equilibrium 
a slight movement will be found to lower the C.G. In neutral 
equilibrium the C.G. is neither raised nor lowered by the 
motion. 

XkuSy -when the C.G. is at its lowest point the equilibrium is 
stable, when it is at its highest point the equilibrium is unstable. 
Every body tends to move so as to get its C. G. in the lowest 
possible position. 

61 *. The Equilibrium of a Balance.—The principles 
just enunciated may be applied to the case of the beam of a 
common balance (§ 54). If the point of support of the balance 
beam, that is to say, the knife edge on which it turns, were 
below the centre of gravity of the beam, the latter would be 
unstable and would overturn even if the weights in the pans 
6 
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were exactly equal. If the knife edge coincided with the 
centre of gravity the equilibrium would be neutral, and the 
beam would rest in any position when equal weights were 
placed in the pans. The slightest excess in one of the pans 
would bring the beam crashing down on that side. 

In practice, therefore, the balance is constructed with the 
centre of gravity of the beam somewhat below the point of 
support. The balance is then in stable equilibrium, and will, 
if the weights in the two pans are equal, come to rest in a 
horizontal position with the C.G. vertically below the knife 
edge. If one of the weights is slightly heavier than the other 
the beam will incline towards the side of the heavier load, 
and, if the difference in weight is not too great, will come to 



33 ^'—The Equilibrium of a Balance. 


rest in an inclined position. This makes the balance easier 
to manipulate. 

Let AB (Fig. 33^-) represent the beam of a balance sup¬ 
ported so as to turn freely about a knife edge at P. Let O 
be the centre of gravity of the beam, and W its weight. Let 
Wi, W2 be the weights in the pans, acting vertically ffirough 
the knife-edges at A and B on the beam, and let A'PB' be a 
horizontal line through P. The weight of the beam itself 
acts vertically downwards through O. Thus, when the beam 
is inclined, as shown in the diagram, it exercises a restoring 
couple, of magnitude W. PN, tending to bring the beam 
back to its horizontal position. The lower the centre of 
gravity the greater the restoring couple, and hence the 
greater the stability of the balance. This stability, however, 
is obtained at the expense of the sensitiveness of the balance. 
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Suppose that with slightly different weights and W„ in 
the two pans the beam comes to rest in the position shown in 
f'ig- 33 ^, having been deflected through an angle APA' from 
its horizontal position, it is easy to see that the angle 

APA'=BPB'=NOP 

Calling this angle and taking moments about P, the point 
of support of the beam, 

Wj . PA'=W2 . PB'+W . PN 
Wi . PA cos ^=W2 . PB cos ^-hW . PO sin 6 , 
or since PA=PB=Iength of the arm of the balance, 

tan 6 PA 


tan & 


W1-W2 W . PO 


Wj-Wg ^ nieasure of the sensitiveness of the balance, 

since a sensitive balance is one for which a small difference 
between the weights in the pans produces a large deflection. 
For a balance to be sensitive, therefore, the arms of the 
balance should be long, the beam should be as light as 
possible, consistent with rigidity, and the centre of gravity 
should be close to the point of support. These conditions are 
the reverse of those for stability. In accurate scientific work 
we often have to sacrifice convenience to sensitivity; in 
domestic and commercial balances, where great sensitivity is 
not required, the centre of gravity of the beam is kept well 
below the pivot. 
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EXAMINATION QUESTIONS.—III 

X. State the principle of work as applied to machines. 
Sketch a system of pulleys, and show how the mechanical 
advantage may be calculated. 

2. Explain how a screw can be used to obtain a mechanical 
advantage. A screw having a pitch of i cm. is worked by a 
power arm 50 cms. long. What is the theoretical mechanical 
advantage (neglecting friction), and what force must be exerted 
on the power arm to lift 1000 kilograms? 

3. How would you arrange experiments to illustrate the 
laws of equilibrium in the case of a rigid rod which is sub¬ 
jected to a system of parallel forces ? What are these laws ? 

4. Explain the principle of the common balance. Why 
are the scale pans suspended so as to swing freely about their 
points of support ? 

5. Describe some method of determining the acceleration 
due to gravity. On what does the value depend ? 

6. A heavy glass plate with a blackened surface falls freely 
past the prongs of a tuning-fork which is vibrating in a hori¬ 
zontal plane. Describe the curve which is traced upon the 
plate, and explain how from it the value of ^ may be deter¬ 
mined, if the vibration number of the fork is known. 

7. What is the centre of gravity of a body, and how may 
it be found experimentally ? Upon what does the stability 
of a body depend? Describe two experiments to illustrate 
your answer. 

8. A plank 6 feet long, and weighing 60 lb., rests upon 
two trestles, each i foot from the end of the plank. What 
is the greatest weight which can be put upon the end of the 
plank without it overturning? 

9. A uniform iron bar 6 feet long is bent at right angles at 
a point 2 feet from one end. Calculate the position of the 
C.G. of the bent bar, and explain how you could verify your 
result experimentally. 

10. State the conditions which must be satisfied in order 
that a balance may be (a) accurate, (< 5 ) sensitive. 

11. The beam of a balance weighs 180 gm. and the length 
of each arm is 15 cm. The addition of i mgm. to one pan 
of the balance deflects the beam through an angle of i®. How 
far is the C.G. of the beam below its point of support ? 


CHAPTER X 

THE PROPERTIES OF MATTER 

62 . density and Specific Gravity.— The ratio of the mass 
of a given substance to the volume zvhich it occupies is knouun as 
the density of the substance. Thus if M is the mass, and V 

the volume of a given portion of matter, the density D is 
given by 



It follows therefore that 

M=V. B. 

mass=(voIume) X (density) 

On the C.G.S. system, density is measured in grams per 
cubic centimetre. Since i gram of water (at its maximum 
density) occupies i cubic centimetre (§ 5), the density of 
water on the C.G.S. system of units is unity. This fact is 
very convenient in many calculations and experiments. 

On the foot-lb.-second system, density is measured in 
pounds^ per cubic foot. A cubic foot of water weighs 
approximately 62^ lb. Hence the density of water on this 
system is 62^. The numerical value of the density thus 
depends on the system of units employed. 

If, however, we compare the masses of equal volumes 
of two substances, this ratio will be independent of the 
units employed in the comparison. If, for example, we 
say that a volume of mercury is 13-6 times as heavy as 
an equal volume of water, the result is obviously inde¬ 
pendent of whether we measure the masses in pounds or 
grams. 

-of the mass of a given volume of some substance to 
e mass of an equal volume of some standard substance is 
known as the specific gravity of ike substance. 
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In the case of solids and liquids the standard substance is 
always water at its maximum density (at a temperature of 
4° C.). In the case of gases, where the density is very small, 
it is usual to take as the standard substance either hydrogen 
or air. 

Let Dj be the density of the given substance, and the 
density of water. Then since and are by definition 
the masses of unit volumes of the substance and of water, the 
specific gravity s of the substance is given by 


j. _ mass of a given vol. of substance 

mass of an equal vol. of water 

• S= —1 • D =e Ti 


Now the mass M of a volume V of the substance is given by 

M = Di . V 
= xD.V 


The mass of a substance of specific gravity s and volume V 
is equal to the specific gravity multiplied by the volume and 
by the mass of unit volume of water. 

On the C.G.S. system, the mass of unit volume of water 
(i c.c.) is unity (i gram). Hence, on the C.G.S. system, 
the specific gravity and the density are numerically equal 
On the foot-lb.-second system, D is approximately 62^ lb. 
per cubic foot, and 

M = xx62ix V lb. 

63 . Determination of Density and Specific Gravity._The 

density of a solid can be determined directly if it is obtainable 
in some simple geometrical form. Thus, if the body has the 
form of a cube or a sphere, the volume of the body can 
be calculated from its dimensions, while the mass can be 
obtained with a balance. The density is then the mass 
divided by the volume. 

The density of a liquid can similarly be found by finding 
the mass of a measured volume of it. The e.vperiment can 
be performed most accurately by means of the specific-gravity 
or density bottle. The specific-gravity bottle is a small flat- 
bottomed glass bottle fitted with a glass stopper, which is 
carefully ground in to the neck. A small hole runs through 
the stopper, as shown in Fig. 37. If the bottle is filled with 
a given liquid and the stopper inserted, the latter sinks down 
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m the neck to a point which is always exactly the same. At 
the same time the excess of liquid is expelled through the 
hole in the stopper, and may be wiped off with filter paper. 
The bottle, therefore, always contains when filled exactly the 
same volume of liquid. This volume is generally adjusted 
by the makers to be approximately either 50 or 100 c.c. 

To find the specific gravity of a liquid by the gravity bottle, 
the bottle, after being weighed, is filled with the liquid in the 
way described and weighed. The liquid is then emptied out. 
the bottle dried, filled with pure water, and again weighed. 
Let be the weight of the empty bottle, the weight 
when filled with the given liquid, and 
Wg the weight when filled with water. 

Then is the weight of the 

liquid which just fills the bottle, while 
Wj — Wjj is the weight of water which 
occupies the same volume. Hence 
the specific gravity of the liquid is by 
definition given by 

As we have seen, this is numerically 
equal to the density of the lit^uid in 
grams per cubic centimetre. 

The specific gravity of a solid can 
also be obtained by means of the 

specific-gravity bottle. The solid is ^ • 

broken into small fragments and a 
sufficient quantity taken to about 

half fill the bottle. Let be the mass of the solid. The 
bottle is filled with water and placed on the scale pan of the 
balance together with the solid, and the two weighed together 
(*=Wj). The solid is now put inside the bottle. As, how¬ 
ever, the bottle is already full of water and as the volume of 
the bottle is constant, a volume of water will be expelled from 
the bottle, which will obviously be equal to the volume of the 
solid which takes its place. If the bottle with the solid inside 
It IS again weighed the loss of weight caused by 

transferring the solid from the scale pan into the bottle is 

equal to the weight of the water which has been expelled_ 

that IS to say, to the weight of a volume of water equal to the 
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volume of the solid. Thus the specific gravity of the solid is 
by definition given by 

This IS numerically equal to the density of the solid in 
grams per cubic centimetre. If, however, the density is 
required in pounds per cubic foot it will be necessary to 
multiply the specific gravity by the density of water in pounds 
per cubic foot. 

Other methods of measuring specific gravities are described 
in a later chapter (§§ 75, 78, 81, 82). 

64 . Elasticity.— Tke property of offering resistance to 
forces tending to change the shape or volume of a body is called 
the elasticity. If we take a piece of rubber and place it 
upon the table it retains its shape, although it is acted upon by 
the force of gravity. If we attempt to alter its shape by 
twisting it between our fingers we shall find that force must 
be applied to produce any alteration in its configuration. The 
piece of rubber resists, so to speak, our attempts to alter its 
shape. When the force is removed, the rubber returns to its 
original shape. If instead of a piece of rubber we had taken 
a similar piece of steel, we should probably not have succeeded 
in producing any perceptible change in it by our efforts. 
Exact experiments would, however, show that the steel is very 
slightly distorted by forces applied to it, but to a very much 
smaller extent than rubber. 

A body “which can offer a permanent resistance to a force 
tending to change its shape is said to possess rigidity. 

A perfectly rigid body would be one in which no force, 
however great, could produce any change of shape. No body 
is perfectly rigid, but substances like steel, glass, and many 
other solids possess rigidity to such a high degree that we 
may regard them for many purposes as being perfectly rigid. 
On the other hand, a substance such as water possesses no 
rigidity. Water may, for example, be poured from a bottle 
into a glass, and from a glass into a spoon, and in each case 
it takes the form of the vessel in which it is placed. Its own 
weight is more than sufficient to change the shape of the 
water. Thus water offers no resistance to a force, however 
small, tending to change its shape. It has no rigidity. 

It is found that the couple, C, required to twist one end of a 
straight bar or wire through an angle 0 , the other end re- 
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maining fixed, is directly proportional to the angle of twist, 
so that C—fx . where fx is called the modulus of torsion of 
the wire. It is inversely proportional to the length of the 
wire, and directly proportional to fourth power of the radius. 
Very small couples are often measured by finding the angle 
through which they will twist one end of a thin wire. 

Again, if we attempt to alter the volume of our piece of 
rubber or steel, by pressing upon it uniformly on all sides, 
we shall find that a very considerable force is required to 
produce any perceptible decrease in the volume of the 
substance. The rubber and the steel are far more nearly 
alike in their resistance to forces tending to change their 
volume than to forces tending to change 
their shape. 

TAe property of a substance of offering 
resistance to forces tending to change its 
volume is called its volume elasticity. 

A substance the volume of which could 

not be altered by any finite force would be 

said to be perfectly incompressible. No 

known substance is perfectly incompressible, 

but many are very nearly so—that is to say, 

they possess volume elasticity in a high 

degree. For most purposes nearly all solids 

may be regarded as incompressible, and this 

property is shared by many substances, such 

as water, which have no rigidity. Thus, if Fig. 35a. 

water is placed in a cylinder, fitted with a 

piston (Fig. 35(2), a very great force may be 

applied to the piston without producing any perceptible 

change in the volume of the water, and similar results 

would be obtained with other liquids, such as mercury or 
alcohol. 

_ On the other hand, if the cylinder had contained air 
instead of water a very small force on the piston would have 
produced a very sensible decrease in the volume. The 
experiment may easily be tried by closing up the orifice of 
an ordinary bicycle pump, and applying a pressure to the 
andle. Quite a small force will drive the handle a con- 
distance down the tube. Air is thus very comprcs- 
si e. Its volume elasticity is small. It is obvious from its 
behaviour that it has no rigidity. 
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64 *. Young's Modulus.—The behaviour of an elastic 
solid under stress can be investigated very simply in the case 
of a wire. A long brass wire, say 6 or 7 metres long, is 
suspended from the roof, and a scale pan is attached to the 
lower end, sufficient weight being placed in the pan to make 
the wire hang straight and without kinks. A pointer is fixed 
to the scale pan and moves over a vertical scale. A weight of, 
say, 1 kilogram is then placed in the pan. It will be noticed 
that the end of the pointer moves slightly down the scale, 
showing that the wire has been slightly stretched. The 
amount of the stretching is noted, and a second kilogram 
weight is placed in the pan. It will be found that the exten¬ 
sion produced by the second kilogram weight is exactly the 
same as that produced by the first. In other words, the 
extension is directly proportional to the stretching force. If 
the weights are now removed it will be found that the wire 
returns to its original length. The extension produced is 
always very small. If a brass wire 7 metres long and 1 mm. 
in diameter is used for the experiment, it will be found that 
each kilogram will increase the length of the wire by about 
I mm. 

By experimenting with wires of different lengths and 
different cross-sections, it can be shown that the extension 
produced by a given force is directly proportional to the 
length of the wire, and inversely proportional to its area 
of cross-section. The ratio of the stretching force per unit 
area of cross-section of wire to the extension per unit length 
is a constant for a given substance, and is known as Young’s 
modulus for the substance. Thus if a force P dynes applied 
to the end of a wire of length / cm. and area of cross-section 
a sq. cm. produces an increase in the length of s cms., then 
Young’s modulus for the wire is given by 



__P/a_P/ 


e// 


CCS 


If the force is applied by means of a mass w, V=mg. 
The value of Young’s modulus for steel is about 2X10^2 
dynes per sq. cm. Since the wire in stretching undergoes 
not only a change of shape but also a change in volume, the 
value of Young’s modulus depends both on the rigidity and 
the volume elasticity of the substance. 

As the extension produced is always quite small, special 
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methods have to be adopted to measure it accurately. The 
method often adopted in the elementary laboratory is to 
suspend two wires of the same dimensions and material side 
by side from the same support. One wire carries a scale 
S (Fig. 35^) and weight W sufficient to keep it taut. The 
other wire, which is the one on which the measurements are 
made, carries a scale pan P on which various weights can be 
placed in turn, and a vernier scale 
V, arranged so that as the wire 
stretches the vernier moves down the 
scale S. The extension of the wire 
can thus be measured to one-tenth of 
one millimetre. The length of the 
wire is, of course, measured from the 
point of suspension to the point p at 
which the vernier is attached. The 
advantage of suspending the scale 
from a similar wire is that any bending 
of the support, or any change in 
temperature of the room, will affect 
both wires in the same way, and will 
not introduce any error into the 
measurement of the extension. For 
very accurate work elaborate devices 
permitting readings of as little as 
i/iooo mm. are employed. 

The statement that the extension is 
directly proportional to the stretching 
force only holds wuthin certain limits. 

If the load in the pan is gradually 
increased it will be found that a 
point is reached where the addition of fig. 35^.—Determination 
a small extra weight produces a of Young’s Modulus, 
relatively large increase in the length 

of the wire. This point is known as the elastic limit for the 
wire. If the wire is loaded beyond its elastic limit it will be 
found that on taking off the weights it no longer returns to 
Us original length, but has been permanently stretched, or 
has acquired a permanent set, as it is called. If the loading 
IS continued the wire will go on stretching until eventually 
it breaks. 

65 . States of Matter. —According to their behaviour 
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towards forces tending to alter the shape, bodies are divided 
into two main classes—solids and fluids. 

A solid is a body ‘which can offer a permanent resistance to 
small forces tending to alter its shape, 

A fluid is a body which can offer no permanent resistance to 
forces tending to alter its shape. 

Thus a bar of steel, a piece of wood, and a lump of glass 
are typical solid bodies. Each offers considerable resistance 
to forces tending to change the shape. Rubber, on the other 
hand, offers much less resistance to such forces, and a stiff 
jelly even less. The latter will, however, retain its shape 
indefinitely if the external forces acting upon it are very small, 
and hence is a true solid. 

On the other hand, fluids differ very widely in the time 
which they take to yield to the deforming forces. Water and 
alcohol, for example, take up the form of the containing vessel 
with great rapidity ; treacle or honey take much longer. 
Thus a considerable amount of time may be consumed in 
pouring treacle from a bottle into a cup, especially if the neck 
of the bottle is narrow. The treacle offers for the moment 
an appreciable resistance to the force tending to change its 
shape. If, however, the force is applied for a sufficient time 
the treacle will yield, however small the force may be. It is, 
therefore, a fluid. A very extreme case of the same kind is 
that of pitch. A piece of hard pitch will offer a great re¬ 
sistance to change of shape, and in fact behaves towards forces 
which are applied only for a short time exactly like a rigid 
body. If, however, a piece of pitch is placed in a funnel and 
left for some months it will be found that the pitch is 
gradually making its way down the stem of the funnel under 
the continued action of gravity upon it. It is incapable of 
offering a permanent resistance to forces tending to change 
its state, though the resistance is very prolonged. It is, there¬ 
fore, an extreme case of a fluid substance. 

The temporary resistance which fluids offer to forces tending 
to change their state is called viscosity. 

A fluid such as treacle has a high viscosity, and flows very 
slowly from a narrow orifice. Water and alcohol are much 
less viscous and flow more rapidly through a narrow orifice 
or tube. 

Suppose, for example, we are trying to empty a vessel such 
as that in Fig. 36 through a long narrow tube. The water 
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m passing from the bottle along the tube is continually chang¬ 
ing its shape. If there were no force resisting this change of 
shape the bottle woiJd empty itself almost instantaneously. 
As a matter of fact, if the tube is narrow, it may take a con¬ 
siderable time. There is thus a force resisting the change of 

shape, and if the fluid is very viscous, such as treacle, this force 
may be very consider¬ 
able. This force, as 
we have stated, is 
known as viscosity. 

The difference between 
viscosity and rigidity 
is one of permanence. 

A rigid body offers a 
permanent resistance 
to a force tending to 
change its state. A 
viscous fluid offers 
only a temporary re¬ 
sistance. However 
weak the force may be, 

the fluid will eventually ♦ 

yield to it, the rate at Fig. 36. —Experiment to illustrate Viscosity, 
which It yields depend- 

ing upon its viscosity, A fluid in which the viscosity is 
small IS known as a mobile fluid. No fluid is perfectly 
mobile, as no solid is perfectly rigid. The viscosity of a liquid 
such as ether, or still more of a substance such as air or 
hydrogen, is, however, very small. 

66. Liquids and Gases.—Fluids may be divided into 
two classes possessing markedly different characteristics. 

tippose, for example, that the piston in Fig. 35^ is resting 
on the surface of the water which about half fills the 
2 ^ 1 inder and is raised, say, 5 cms. up the cylinder. As 
we know, the water will remain at the same height in the 
cy in er and there will be an unoccupied space between the 
water and the piston. If, however, the experiment were 
epeated with air instead of water, on raising the piston the 
ir would expand and would still occupy the whole space 
Detween the piston and the bottom of the cylinder. There is 
inus a great distinction between these two fluids. Water 
nas a definite surface ; air has not. 
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Again, the two fluids differ very markedly in their resistance 
to forces tending to change their volume. If, for example, 
the cylinder in the figure had a cross-section of i square centi¬ 
metre and the length below the piston was loo cms., a 
weight of I kilogram placed on the piston would in the case 
of the water lower the piston by no more than about one 
two-hundredth of a centimetre—a distance which would not 
be noticeable to the eye. If the water were replaced by air, 
however, the piston would sink through 50 cms. 

I^iutds Tvhich are practically incompressible and ivhich 
zvhen placed in an empty vessel present a free surface are called 
liquids. 

fluids tvhich offer only a small resistance toforces tending to 
change thezr volume and tvhich tvhen placed in an empty vessel 
fill tt completely y and have no free surface, are knotvn as gases. 

The existence of a definite free surface is the real point 
of distinction between liquids and gases. Although gases 
ordinarily are easily compressed, yet a gas which is already 
very strongly compressed will offer a resistance to further 
compression comparable to that of many liquids. 

67 . Surface Tension.—The fact that liquids have a definite 
free surface when placed in a vessel is due to the action of 




Fig. ^ Fig. 376. 

Experiments to illustrate Surface Tension. 

a force which is known as surface tension. The effects of 
this force can readily be demonstrated by very simple 
experiments. Suppose, for example, a soap film is formed 
on a wire frame (Fig. 37^2) and a small loop of cotton is 
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pricking the film inside 
the loop the film there disappears, and at the same time the 

loop IS puUed out into the form of a circle. There is thus a 

force in the film acting upon each portion of the thread at 

nght angle to its length. This force is known as surface 

Again, if we take a frame such as that in Fig. sjA having a 

movable cross bar AB, and form a film of soap solution^in 

the upper part of the frame, the bar AB will be pulled upwards 

towards the fixed end CD, and a definite force will have to 

be applied to AB to keep it m equilibrium. The surface film 

of a liquid IS the seat offerees which tend to make it contract 

T^ liquid composing the film ABCD is enclosed by two such 

surfaces (one at each side of the film). The force exerted on 
each centimetre of the cross 

wire AB by each side of 
the film is known as the 
surface of the liquid. 

Thus, if T is the surface 
tension of the film, and 
d the distance between the 
parallel bars AD and BC, 
the force required to keep 
the cross wire in equi¬ 
librium will be 2dT dynes. 

A more convenient way 
of performing the experi¬ 
ment is to take a thin 





Fig. yjc. — Determination of Surface 

Tension. 


piece of glass, a clean microscope cover glass 

t^at irifit f-om one arm of a balance so 
TuL horizontal (Fig. 37^). 

of * ““oterpoised by adding weights to the other pan 

surflre containing the liquid whose 

class measured is then brought under the 

llouid I?’®*. elass hangs partly immersed in the 

the "lay be employed provided that it wets 

as to moved up and down several times so 

then founr^th^f u ‘^“’■oughly wetted by the liquid. It is 
Rla« sotface tension of the liquid film on the 

have to h and extra weights 

eqSibrium Th P-" -store the balance to 

quuibrium The length of the film is 2,/ where 1/ is the 
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length of the glass slip, since both sides are wetted, and the 
downward force due to the surface tension of the liquid is 
thus 2i/T dynes. If tn is the mass of the weights added to 
restore equilibrium we have, therefore, 

The value of T can thus be determined. The surface 
tension of water is about 75 dynes per cm. Thus if the glass 
slip is 10 cms. long the mass required to balance the pull 
exerted when the slip is hanging in water will be 
2X10X75/981 or about 1*5 gm. [If the volume of the 
glass below the surface of the liquid is appreciable, a cor¬ 
rection will be required for the buoyancy of the liquid 
(see § 77)-] 

The surface tension always acts in the plane of the film, and 
at right angles to its boundary, as indicated by the arrows in 
Fig. 37^7. The effect of these forces is to tend to reduce the 
area of the surface of a liquid to its smallest possible dimen¬ 
sions. The liquid, in fact, behaves in many respects as if it 
were enclosed by a flexible elastic bag. 

Thus any mass of liquid, if free from all other forces, would 
assume a spherical form, since the sphere is the figure which 
has the smallest area for a given volume. In practice the 
liquid is always under the action of gravitational forces, which 
tend to bring every part of it as near to the surface of the 
earth as possible. The tendency of small quantities of 
liquid to take on the spherical form is, however, well known, 
and is exemplified in the shape of the raindrops, or in the 
spherical drops of mercury which are formed when mercury 
is spilled on the table. 

67 *. Determination of Surface Tension by the Capillary 
Tube.—The rise of a liquid in a capillary tube is also due to 
surface tension. Suppose that a glass tube, both ends of 
which are open, is placed with its lower end under water. We 
may suppose that the inner wall of the tube is already wet. 
The water film inside the tube tends to contract, and so exerts 
an upward force on the water within. The water will, there¬ 
fore, rise up the tube until the weight of the water so raised is 
sufficient to cause a downward force equal, but opposite, to 
that produced by the surface tension. Let AB (Fig. 37^/) be 
a cylindrical tube dipping vertically into a liquid which wets 
it, and let A be the level of the top of the liquid inside the tube 
when equilibrium has been reached. The surface tension 
acts upwards along the iimer wall of the tube, and the total 
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length of the section of the film which is exerting surface 
tension is thus equal to the internal circumference of the tube, 
that is to say, to 25 rr, where r is the internal radius. The 
total upward force is thus 2'3-r. T dynes. This is balanced 
by the weight of the column of liquid which it has raised up 
the tube, that is to say, the weight of a column of liquid of 
height h, where is the perpendicular distance of A above 
the level of the liquid outside. 


The volume of this liquid is 
that of a cylinder of height h 
and radius of cross-section r, 
that is and its mass is 

where D is the density 
of the liquid. Its weight is thus 

dynes, and for equi¬ 
librium we must have 

2 ^/-T= •Trr^h D g 



The height of ascent is thus 
inversely proportional to the 
radius of the tube, and may be 
quite large if the tube has a very 
fine bore. 



Fig. 37c?.—The Rise cf a Liquid 
in a Capillary Tube. 


^ liquid up a capillary tube provides a good 
method of determining the surface tension of a liquid If 
we solve the equation for T we have 

Thus T can be determined by measuring the height h of the 
liquid in the tube above the general surface of the liquid 
outside, and r the radius of the bore of the tube. The tube 
must be thoroughly cleaned before use in order to ensure that 
It is properly wetted by the liquid. If any dirt or grease is 
present the result obtained will be too low. 

We have assumed that the surface film is tangential to the 
wails of the tube, so that T acts vertically upwards. This is 
true ot water, and approximately true for all liquids which 
we the glass. For some liquids, however, the meniscus meets 
e surface at a finite angle a, known as the angle of coniaci. 
ne surface tension always acts along the surface of the 
iquxcl, and thus makes an angle a with the vertical. Since 
7 
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only the vertical component of the force is effective in balanc- 
mg the downward weight of the column of liquid, we have 

2crrT cos a, = whence 

T cos a = \rjygk. 

Thus reduces to the formula given above, when the angle of 
contact a IS zero, and hence cos a = i. 

EXAMPLES. 

1. A cube each side of which measures lo cms. weighs 
1 1 kilogram. What is its density ? 

2. What is the weight of a cubic metre of a substance the 
specific gravity of which is 7*6? 

3. What is the weight of 50 cubic feet of a substance of 
specific gravity i *4 ? 

4. The weight of a specific-gravity bottle when empty is 
40 grams, and when filled with water and glycerine 220 grams 

and 290 grams respectively. Find the specific gravity of 
glycerine. 

5. A specific-gravity bottle weighs 500 grams when filled 
with water. When 50 grams of a given solid is placed in the 
bottle and the latter is again filled up with water, the total 
weight is 530 grams. What is the specific gravity of the solid ? 

6 . It is desired to find the specific gravity of a certain solid 
which is soluble in water but insoluble in alcohol (S.G. = o-8o). 
The weight of the gravity bottle when filled with alcohol is 
60 grams; when 20 grams of the powder are placed in the 
bottle and the latter is again filled with alcohol, the total 
weight is 75 grams. What is the specific gravity of the solid ? 

[Weight of bottle full of alcohol + weight of solid=8o grams 

Weight of bottle containing alcohol and solid =75 

Alcohol displaced^ 5 grains 

The same volume of solid weighs 20 grams. 

Solid is therefore —=4 times as dense as alcohol. 

5 

• *. S.G. of solid= 4 X o‘8= 3*2.] 

7. Water rises to the same height in a 0*5 mm. tube, as 
does a liquid of S.G. o*8 in a 0*2 mm. tube ; compare their 
surface tensions. 

8. The surface tension of oil is 26 dynes cm. and its 
angle of contact with glass is 30°. To what height will oU 
of S.G. 0 85 rise in a capillary tube of diameter 0-4 mm. ? 
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PROPERTIES OF LIQUIDS—THRUST AND 

PRESSURE 

68. Thrust.—Suppose we have a heavy block resting upon 
a table ; the block presses down upon the surface of the table 
with a force equal to its weight, while similarly the table 
reacts upon the block with an equal but opposite force. The 
toUl force with which the body presses against the table, or the 
table against the block, is known as a thrust. Similarly, if we 
have a long tube open at both ends, close the lower end with 
our hand and fill the tube with water, the water will press down 
upon our hand with a definite force, and we shall have to exert 
an equal and opposite force to keep the hand in contact with 
the end of the tube. The total force exerted by the water 
upon the hand is known as the thrust. 

The force exerted by a liquid on any surface in contact 
with It must be at right angles to the surface. For if not, let 
us suppose that it acts in some other direction AB (Fig. 38). 
Then by the third law of motion (§ 23) the surface will exert 
a force on the liquid equal and opposite to this force—that is 
to say, in the direction BA. We can resolve this force into 
wo components, BC and BD, respectively normal and tan¬ 
gential to the surface at B. Now the latter component 
^ tends to distort the liquid by moving the particles 
^ direction BD* But> as we have seen, a liquid 

can offer no permanent resistance to a force tending to alter 
i ® ® Hence the liquid near B would begin to move in 

BD. But since the liquid is assumed to be in 
equilibrium there is no motion of the liquid. Hence the 

to the surface must vanish. That is to say, 
the thrust is normal to the surface. 

.. riormal cornponent obviously tends only to compress 

e liquid. A liquid offers very great resistance to such forces. 
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We shall assume in this chapter that the liquids with which we 
have to deal are incompressible. 

69. Pressure.—Since a solid keeps its shape it ran be 
supported by resting it on a small number of points. It is 
sufficient that the sum of the reactions of the points on the 
body shall be equal to the weight of the body. A liquid, 

however, must be 
supported at all 
points. If a small 
hole A (Fig. 39) is 
made in the bottom 
of a tank of water 
the water will pour 
out through the hole, 
and if we attempt to 
stop the hole by hold- 
Fig. 38.—Thrust of a Liquid. ing a plane surface 

against it a definite 
force will have to be exerted on the surface to keep the water 
from coming out. The water presses not merely against the 
surface as a whole, but against every portion ot it. In other 



words, the thrust is distributed over the whole surface of contact. 

Jf the thrust on every square centimetre of the dividing 
surface is the same^ 

the thrust is said to ^ n 

de uniformly distri- _ _ ■_— _ u 

buted over the surface. ~ ~ ^ •£r"“£^0 

Jf the thrust is ; — --— — — 

uniformly distributed, - --— — -IT’-IZ" . 3 ” JT g 

then the thrust on J “ ’ — “ — 

unit area of the sur~ , I H 

face IS known as the q 

pressure on the sur- A ® 


_ Fig. 39.—Diagram to illustrate Pressure. 

For example, if we 

may regard the thrust of the liquid in Fig. 39 as being 
uniformly distributed over the surface CD, then if F is the 
force with which the liquid presses down on a portion of the 
surface of area a, the pressure P, which by definition is the 
force per unit area on the surface, is given by 
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and the surface is said to be acted upon by a uniform 
pressure P. 

If a surface is exposed to a uniform pressure P, the magni¬ 
tude of the pressure can be found by dividing the total thrust 
upon the surface by the area of the surface. 

Conversely^ if the surface is exposed to a uniform pressure^ the 
total thrust upon the surface is found by multiplying the pressure 
by the area of the surface. 

On the C.G.S. system of units^ unit pressure is said to act 
upon a surface if the thrust on each square centimetre of the 
surface is 1 dsoie. J^ressure is therefore measured in dynes per 
squaxe centimetre. It is more usual, however, in practice to 
employ the gravitational unit of force. In this case unit pressure 
ts said to act on the surface when the thrust on each square centi¬ 
metre is equal to the weight of i gram. The pressure is then 
measured by the number of grams weight acting on each square 
centimetre of area—that is^ in grams per square centimetre. 

Similarly, on the foot-lb.-second system, the pressure may be 
measured in poundals per square foot or in pounds per square 
foot j other units of force and area can of course be employed 
when convenient. Thus, if each square inch of a surface is 
exposed to a thrust of, say, 15 Ib. weight, the pressure on the 
surface can be stated as being 15 lb. per square inch. 

^ Point.—If the thrust is not uniformly 
distributed the pressure will be different on different parts of 
the surface. Let a be the area of a small portion of the 

surface surrounding some point A, and let F be the thrust on 
this small area. 


F 

The ratio — will measure the average pressure over the 

small area surrounding A, As the area a is taken smaller and 
smallei^ the variations in the pressure over its area become 
ess and less, until finally, when « is indefinitely small, they are 

negligible. The value of the ratio Z when a is indefinitely 

the pressure at the point A. 

The ratio of the thrust on a small portion of a surface includ- 
ing a given point to the area of that portion when the area 
cci^esmdefinitely small is kuoivn as the pressure at the point 

conlidZlT^^ “ ^ -Although we have only so far 

considered the pressure on a surface bounding a liquid it is 

evident that the different parts of the Uquid ^usTelert a 
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similar pressure on each other. If a small cavity could be 
made in the liquid we know that the latter would rush in from 
all sides to fill up the void. If we suppose such a cavity 
to have existed and to be filled up by the liquid, the por¬ 
tions of the liquid bounding the cavity are prevented from 
rushing in by the pressure of the fluid which they would have 
to displace. Hence any portion of a liquid exerts a pressure 
on all contiguous portions. 

T'ke pressure ai a point in a liquid is defined as the ratio of 
the force on a small area enclosing that point to the area 
mhen the latter is indefinitely small. 

The pressure at a point in a liquid acts equally in all directions. 

If a small cylinder fitted 
with a watertight piston is 
filled with water and the 
piston is pressed down, the 
water will spurt out not only 
from a hole in the bottom, 
but equally from holes made 
in the sides or in the piston. 
Experiments with a leaky 
garden hose will sufficiently 
demonstrate the fact that 
the water pressure can force 
the liquid out in any direc¬ 
tion. 

72 . Transmission of Pres- 
Bure. — When pressure is 
applied to any part of the 
boundary of a fluid an equal and uniform pressure is trans¬ 
mitted over the whole of the fiuid. Thus, if we had a closed 
vessel of any shape (Fig. 40), filled with water, and furnished 
with a number of tubes A, B, C, D, each of the same cross- 
sectional area and furnished with watertight pistons j then if 
an additional weight of 1 lb. were placed at any one of the 
pistons, say C, an additional force of exactly i lb. weight would 
have to be applied to each of the remaining pistons A, B, D, 
to maintain an equilibrium. Similarly, an additional force of 
10 lb. weight acting on A would require an additional force 
of 10 lb. weight at each of the remaining pistons to keep them 
from being driven out. The pressure is transmitted equally 
throughout the liquid. This is known as Pascal’s law. 



Fig. 40. —Experiment to illustrate 
the Transmission of Pressure. 
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The pressure at any point in a fluid at rest is the same in 
every direction. 

It is therefore unnecessary to specify any particular direction 
when speaking of the pressure at a point in a liquid. 

These two results are of great practical importance. They 
find an interesting application in the Hydraulic or Bramah 
press. 

Suppose two cylinders (Fig. 41), one of large and one of 
small diameter, each fitted with a watertight piston, are connected 
by a pipe, and completely filled with water. If a force F is 
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Fig. 41.—The Bramah Press. 


applied to the piston of the small cylinder A it will produce on 
the liquid immediately below it a pressure equal to where 

a IS the area of cross-section of the piston. This pressure is 
transmitted through the liquid in the two cylinders, so that the 

pressure of the liquid on the large piston in /3 is also — and 

<» 

acts vertically upwards. But if jS is the area of the large piston 
the thrust on it is equal to (pressure) x (area of the surface) 



Thus, to keep the piston in B 
exert on it a force W given by 


from rising, it is necessary to 
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The Bramah press is therefore a hydrostatic machine, the 
mechanical advantage of which is given by 

F a 


If the cylinder A is of small cross-sectional area while B is 
very large, a very considerable upward force can thus be pro¬ 
duced by the application of a very moderate power. 

73. Pressure in a Liquid arising from its Weight._In the 

case of the Bramah press, the pressure in the water is caused 
by the application of an external force to the surface. A 
fluid will, however, exert a pressure from the mere fact of 
possessing weight. Suppose we have a long vertical cylinder 
such as A (Fig. 43), and close the bottom by pressing a flat 
plate against it. If we pour liquid into the tube, the flat 
plate closing the cylinder must sustain the whole weight of 
the liquid poured into the cylinder, since, as the sides of the 
cylinder are vertical, the reaction between them and the liquid 
is everywhere horizontal, and can therefore have no effect 
upon the weight The liquid in this case produces a thrust 
on the surface equal to its weight, just as if it were a solid 
cylinder. If a is the area of cross-section of the cylinder, h the 
height of the column of liquid, and p its density, the mass of 
the column of liquid is ^ap, and its weight W is therefore ha.^ 
in gravitational units (grams weight or pound weight), or hufg 
in absolute units of force (dynes or poundals). This thrust is 
divided evenly over the area a of the end of the cylinder. 
The pressure P on the base of the cylinder is therefore 

P= ^ = 

ct a 
—kpg 


in absolute units (dynes per square centimetre), or 
simply 

P = /%P 


more 


in gravitational units (grams per square centimetre). The 
gravitational units are nearly always adopted in measuring 
the pressure of a liquid, and will be employed in the 
remainder of this chapter. 

We have obtained this important result by considering a 
simple case. It can, however, be shown to be perfectly 
general. Hence— 
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Tfu pressure due to a liquid at a depth h belouf the Jree 
surface of a liquid of density p is equal to the product of the 
density into the depth, Xkai is _ 

P = h. p 

We may also express this result by saying the pressure 
at a given depth beloiv the free surface of a liquid is equal to 

the weight of a column of the liquid whose height is equal to the 
depths and whose area 
of cross-section is unity. 

If the surface of the 
liquid is subjected to a 
pressure P from some 
external cause, this ad¬ 
ditional pressure will, 
as we have seen, be 
uniformly transmitted 
throughout the liquid, 
and the actual pressure 
P at a depth h will be 
the sum of the separate 
'pressures caused by its 
own weight and by the 
external force. Thus— 

These results can be 
illustrated by simple 
experiments. If the 
cylinder already de¬ 
scribed is supported 
in a clamp (Fig. 42), 
and the flat plate used 
for closing it is hung 

by a thin cord from the arm of a balance, we can find the 

weights which must be added to the other scale pan to keep 

^ contact with the cylinder. A series of experiments 

will show that for different heights of the liquid in the cylinder 

e additional weights required to keep the liquid from pouring 

out of the cylinder are proportional to the height of the liquid 
m the cylinder. 

A set of open vessels of different shape but having the 
same area of cross-section at their lower end is known as 
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Fig. 42.—Experiment to illustrate the 
Variation of Pressure with Depth. 
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Pascal's Tases. If the experiments are repeated with a set 
of such vessels, such as A, B, C (Fig. 43), it will be found 
that if the liquid is poured into the vessels to the same level 
in each case the same force is required to balance the resultant 
thrust of the liquid. Since the area of the plate is the same 
in each case, it is evident that the pressure on it is the same in 
each of the vases, and is independent of the shape of the vase. 

74 . The Hydrostatic Paradox.—The thrust on the plate in 
the previous experiment is equal to (pressure) X (area) 

that is, to the weight of a column of liquid of height equal to 
the height of the liquid in the vases, and of area of cross- 



section equal to that of the plate. In the case of the 
cylindrical vase A, therefore, it is exactly equal to the weight 
of the liquid in the vase. This, however, is not so in the 
case of the other vases. In B, for example, the thrust on 
the base is only equal to the weight of the cylinder of liquid 
enclosed by the dotted lines, and is thus less than the weight 
of the liquid in the vase. In this case it is easy to see that 
the weight of the rest of the liquid is supported by the sloping 
sides of the vase. 

The case of C (Fig. 43) is interesting. Here, again, the 
thrust of the liquid on the plate, which, as we have seen, is 
the same as in the other two cases, is equal to the weight of 
a volume of liquid which would fill the cylinder indicated 
by the dotted lines. This is considerably greater than the 
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volume of liquid actually present. Thus the liquid exerts on 
the base a thrust which is greater than its. own weight. This 
result, which is at first sight somewhat startling, is known as 
the hydrostatic paradox. 

It will be noticed that as the sides of the vessel are sloping 
inwards, the liquid is exerting a pressure upon them which 
has an upward component. It follows, therefore, by Newton^s 
third law, that the sides exert a pressure on the liquid which 
is equal and opposite to that of the liquid on the sides, 
and hence has a downward component. It is the resultant 
of these downward com¬ 
ponents which causes the 
extra pressure on the base of 
the vessel. If the vase were 
freely suspended instead of 
being firmly clamped it would 
be found that a downward 
force would have to be 
exerted on the vase to keep 
it pressed down upon the 
base, when the liquid was 
poured in. The extra pres¬ 
sure on the base is, there¬ 
fore, supplied by the stand 
holding the vase. In every 
case the weight of the vase 
and its contents is exactly 
equal to the sum of the 
weights of the vase and the 
liquid which it contains. 

An important practical application of this result is seen in 
the hydraulic lift. A wide cylinder A (Fig. 44) is fitted with 
a watertight piston B, and connected to a long vertical pipe 
C, of small cross-section, and the whole is filled with water. 
If h is the difference between the heights of the water in 
the two cylinders (that is, the height DE in the figure) the 
pressure on the piston B is equal \.o h. f> where p is the 
density of water. The upward thrust W on B is therefore 

sss hpCL 

where a. is the area of the piston. 



Fig. 44.—The Hydraulic Lift. 
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This is the weight of a column of water equal to the height 
of ED and of area of cross-section equal to the area of B. 
It is therefore many times greater than the weight of the 
water in the pipe C, which produces it. Theoretically any 
quantity of liquid, however small, may be made to raise any 
weight, however large. 

The hydraulic lift, as its name implies, is used for raising 
heavy weights. The water is maintained at the level D in 
the tube C by being connected to a reservoir at high level. 

75 . Equilibrium of Two Liquids in a XJ-Tube.—Suppose 

two liquids which do not mix are 
poured in the two arms of a tube 
shaped like an elongated U (Fig. 45), 
they will come to rest in some position 
such as that in the figure, where the 
A shading indicates the denser of the 
two liquids. Consider a cross-section 
of the tube, such as C. Since the 
liquids are in equilibrium, and there¬ 
fore have no tendency to move, it is 
evident that the force exerted by the 
liquid to the right of the plane must 
be equal and opposite to that exerted 
£ by the liquid to the left. Since the 
area of the section is the same on 
both sides it follows that the pressure 
just to the right of the section is equal 
c to the pressure just to the left. If D 

Fig. 45.—Equilibrium of the position of the common surface 

Two Liquids in a U-Tubc. of the two liquids, draw a horizontal 

line through D. The pressure to the 
right of C is equal to (density of liquid in A) x (depth of C 
below- the surface), 

= (AEH-CC') 

= ^iAE-h^j^ • CC' 

where is the density of the liquid in AD. 

On the left of C the pressure at D is equal to p2 . BD where 
f>2 is the density of the second liquid. The pressure at C is 
equal to the pressure due to the column CD of the first liquid 
plus the pressure produced by the second liquid on its surface 
at D. It is thus equal to . CC' + pg . BD. But, as we have 
seen, these two pressures are equal. Hence— 
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AE + p^CC'= PiCC'+ 

^2 AE 

T^us when ihe two branches of a U-iube contain two different 
liquids which do not mix, their densities are inversely pro¬ 
portional to ihe heights of their free surfaces above the surface oj 
separation. 

A U-tube can therefore be used to compare the densities 
of two liquids. If, for example, water were poured down A 
and oil down B, then if D is the position of the surface separ¬ 
ating the water and the oil, 

density of oil _ height of A above D 
density of water height of B above D 



It must be noted that we have not found it necessary 
to make any assumptions as to the areas of the two arms 
of the U-tube. The result is therefore quite independent 
of the area of cross-section of the limbs. They need not 
be of the same bore; one may be wide and the other 
narrow. They need not be of regular bore. In every case 
the ratio of the densities of the liquids is inversely pro¬ 
portional to the heights of their free surfaces above the surface 
ot separation. 

It is obvious that if the same liquid occupies both 
tubes Its height will be the same in each limb. Thus if a 
senes of tubes of any shape and diameter are connected 
together at their lower ends, the liquid will rise to the same 
evel in each of the tubes. The plane drawn through all the 
ree surfaces (Fig. 46) will be horizontal. This result is often 
expressed by saying that water finds its own level 
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Thus, if we have a tube such as that in Fig. 47 containing 
water, and look along the line AA' containing both the water 
surfaces, we know that this line is horizontal. An instrument 
of this description is used by surveyors, and is known as a 
water level. 

76 , Thrusts on Surfaces.—If a plane surface is held hori¬ 
zontally below the surface of a liquid, then since every point 
is at the same distance below the surface the pressure upon it 
is uniform, and the total thrust exerted upon it by the liquid is 
equal to the product of the pressure into the area of the surface. 
This thrust is often spoken of as the total pressure or resultant 
pressure on the surface, but the term is misleading, as the 
thing described is not a pressure but a force. If A is the 
area of the horizontal surface, h its depth below the surface 







Fig. 47.—The Water LeveL 


of the liquid, and f the density of the Liquid, the thrust F on 
the surface is given by 

F=A^/> 

A surface held vertically or obliquely in a liquid will also 
have a thrust upon it, since the pressure of the liquid acts in 
all directions. If the surface is plane, the thrust upon it can 
be calculated by the following rule: 

T'he thrust upon a plane surface immersed in or bounding a 
liquid is equal to the area of the surface in contact tvitk the 
liquid mziltiplied by the pressure of the liquid at the centre of 
cavity of the surface. 

The calculation of the thrust on a curved surface is generally 
difficult, and need not be considered here. 
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EXAMPLES. 

1. The two cylinders of a Bramah press are i inch and 
12 inches in diameter respectively. A force of 2 lb. weight 
is applied to the piston of the smaller cylinder. What weight 
must be placed on that of the larger one to maintain the 
equilibrium ? 

2. The moving piston of an hydraulic lift has a diameter 
of I foot What head of water will be required to raise a 
mass of I ton ? 

3. The specific gravity of sea water is 1*025. Calculate 
the pressure due to the sea water at a depth of i mile below 
the surface of the sea. (i cubic foot of pure water weighs 
62J lb.) 

4. Calculate in dynes per square centimetre the pressure 
due to a column of mercury 76 cms. high. (Density of mercury 
= 13*6 grams per cubic centimetre.) 

[Pressure due to mercury 

= 76 X 13*6 grms. wt. per sq. cm. 

= 981x76x13*6 dynes per sq. cm. 

(i grm. wt. = 981 dynes) 

= 1*014x10®, or just over 1,000,000 dynes per 
sq. cm.] 

5. A rectangular tank 6 feet deep, 8 feet broad, and i o feet 
long is filled with water. Calculate the thrust on each of th^ 
sides and on the base. 

[C.G. of each of the vertical sides is 3 feet below surface 

. *. Pressure at C.G. is 3x62^=187^ lb. wt. per sq. ft. 

• *. Thrust on long side= 10 x 6 x 187^ lb. wt.= 11,250 
lb. wt. 

Thrust on short side= 8 x 6 x 187^ lb. wt. = 9000 lb 
wt. 

Thrust on base = pressure X area 

= 6 X 62J x(io X 8)= 90,000 lb. \vt] 

6. A rectangular lock gate is 12 feet wide, and the water 
outside stands at a height of 10 feet above the bottom of the 
gate. Calculate in tons weight the thrust upon the gate. 
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77 . BesxUtant Thrust on a Solid.—If we sink a flat disk 
in a liquid, each face of the disk will be subjected to a thrust 
which can be calculated by the rule given in § 76. If the 
disk is very thin, the two surfaces will be equal in area and at 
very approximately the same depth below the surface of the 
liquid, and the thrust on each surface will therefore be the 
same. Since these two thrusts act in opposite directions, the 
resultant force upon the disk as a whole will be practically zero. 

If, however, we take some body of 
finite volume this is no longer the 
case. Suppose we take, for example, 
a cylinder of height d (Fig. 48), and 
sink it so that its upper surface is 
/% cms., and its lower face therefore 
cms. below the surface of the 
liquid. The pressure of the liquid 
on the upper face is A , p where p is 
the density of the liquid, while the 
pressure on the lower face will similarly 
be If a is the area of 

cross-section of the cylinder, the down¬ 
ward thrust on the upper surface is 
equal to A . p . while the upward 
thrust on the lower surface is equal to {A-{~if) . p , a. The 
thrusts on the curved sides, being at right angles to the surface, 
are horizontal, and do not affect the vertical forces. There 
will thus be a resultant upward force upon the cylinder equal to 

(A -f- — Apct 

This force acts vertically upwards in the opposite direction 
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Fig. 48.—Thrust on a 
Solid immersed in a 
Liquid. 
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to the weight of the body. Hence, if a body is supported by 
a string from one arm of a balance, its weight will appear to 
be less when surrounded by a liquid than when hanging in 
the air. The resultant upTvard thrust upon the body due to 
the action of the liquid is knozvn as the buoyancy of the 
liquid, 

78 . Principle of Archimedes.—The apparent loss in weight 
of the cylinder when it is immersed in the liquid is obviously 
equal to the upward thrust of the liquid upon it—that is, to 
dfo.. But this is equal to the weight of a volume da. of 
the liquid, that is, of a volume of liquid equal to the volume 
of the solid cylinder. The upward thrust on the solid is 
equal to the weight of the liquid which it displaces. If the 
cylinder is only partly submerged, an easy extension of the 
argument shows that the upthrust upon it is the weight of a 
volume of the liquid equal to the volume of solid actually 
below the surface—that is, to the weight of liquid actually 
displaced. This principle, which we have proved in a special 
case, is of universal application. It was first propounded by 
the Syracusan philosopher Archimedes, and is known as the 
Principle of Archimedes. 

The upward thrust upon a solid either wholly or partly 
immersed in a fluid is equal to the weight of the fluid dis¬ 
placed, and acts vertically upwards through the centre of 
gravity of the displaced fluid. 

It may also be stated in the following form : 

The apparent loss of zveight of a solid when immersed in a 
fluid IS equal to the weight of the fluid displaced. 

The principle is a logical consequence of the laws of fluid 
pressure. It can, however, also be demonstrated experi¬ 
mentally. For example, take a cylinder of metal, attach it 
to one arm of a balance, and find its weight in the usual 
way. Now place a beaker of water beneath the solid so that 
the latter is completely immersed, and weigh again. The 
chlfererice in the two readings will give the loss in weight of 
the solid due to the buoyancy of the water. 'I'he volume of 
water displaced is equal to the volume of the cylinder, which 
can be calculated from its height and diameter. If the 
measurements are made in centimetres the weight of the 
water in grams is equal to its volume (§ 66). It will be found 
that this weight is equal to the apparent loss of weight of 
the metal cylinder. 

8 
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The principle is also sometimes illustrated by the following 
neat experiment : 

A solid cylinder A (Fig. 49) is made to fit exactly into a 
hollow cylinder B. To begin with, A is slipped into B, and 
the two are suspended from one arm of a balance and 
weighed in the usual way. The cylinder A is then suspended 
in water from a hook on the bottom of B, and the weights 
in the other pan are now foimd to be too great. Water is 
poured into the hollow cylinder, and when the cylinder is 



Fig. 49« ““Verification of the Principle of Archimedes* 


exactly full the balance is found to be in equilibrium 
again. The weight of the volume of water filling B is just 
sufficient to neutralise the effect of the buoyancy of the 
water on the cylinder A. In other words, the weight of the 
fluid displaced is exactly equal to the upward thrust on the 
solid. 

The principle of Archimedes can be used to determine 
the specific gravities of solids and liquids. Let Wj be the 
weight of a solid in air, Wg its weight when completely 
immersed in water. Then Wj —W2 is the weight of a 
volume of water equal to the volume of the solid. The 
specific gravity s of the solid, which is the ratio of the 
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weights of equal volumes of the solid and water, is therefore 
given by 

Wj-Wg 

_ weight of solid in air 

apparent loss of weight in water 

The experiment is usually carried out with a hydrostatic 
balance—that is, an ordinary balance in which one of the 
scale pans is much shorter than the other and bears a hook 
beneath it from which the solid can be suspended in the 
water. In the absence of a special balance the body can be 
suspended from a hook on the top of an ordinary balance 
pan, and the beaker of water can be supported on a wooden 
shelf placed astride the pan, and sufficiently long and high to 
allow the scale pan to move freely. 

The principle of Archimedes can also be used to determine 
the specihc gravity of a liquid. Let be the loss in weight 
of a suitable solid when weighed in water, and Wj the loss in 
weight when the same solid is weighed in a liquid of specific 
gravity s. Then, by Archimedes* principle, is the weight 
of a volume of water equal to the volume of the solid, while 
Wj is the weight of the volume of liquid equal to that of the 
solid. Hence Wj and are the weights of equal volumes 
of water and of the other liquid, and the specific gravity of 
the liquid is, by definition, given by 




loss of weight of solid in liquid 
loss of weight of solid in water 


79 . Floating Bodies.—In the previous section we have con¬ 
sidered the thrust on a body completely immersed in the 
liquid. We have seen that the resultant downward force on 
such a body is equal to the weight of the body less the up¬ 
ward thrust of the liquid upon it—that is, the difference between 
the weight of the body and the weight of the liquid which 
it displaces. 

If the body is denser than the liquid, its weight will be 
greater than the weight of an equal volume of the liquid; the 
resultant force will therefore be downwards, and the body 
will sink. If, however, the body is less dense than the liquid, 
the thrust of the liquid upon it will be greater than the weight 
of the body. Hence the resultant force will act vertically 
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upwards, and the body if free to move wiU rise to the surface 

hody begins to project above the surface 
of the hquid, the volume of liquid displaced which is equal 
to the volume of that portion of the solid which is still below 
the surface become less, and hence the resultant upward 
thrust ^1 d^msh until it is exactly equal to the weight of 
the solid. The latter will then be in equilibrium. 

Hence a body ‘wtll Jloat in suck a position that tke -weight 
of the hyuzd displaced by the portion of the body below the 

surface is exactly equal to the weight of tke 
floating body. 

80 , Buoyancy of Oases,—Since gases possess 
weight the principle of Archimedes applies 
also to solids immersed in gases. All our 
weighings are made with the substance sur¬ 
rounded by air, and hence the actual weight 
of the substance is greater than the observed 
weight by the weight of the air which it dis¬ 
places,^ The density of air is, however, so 
small in comparison with that of solids and 
liquids that it is generally neglected except 
in the most accurate work. The weight of 
a litre of air is i'2g gram, while the weight 
of a litre of water is looo grams. The effect 
of the buoyancy of the air, therefore, intro¬ 
duces an error in the weighing of rather 
more than one part in one thousand, or 
Common iy! ^bout ^th per cent, in the case of water, 
drometer. and proportionally less in the case of denser 

substances. In accurate weighings, correc¬ 
tions have to be applied for the effect of the buoyancy of the 
air on the substance to be weighed and also on the weights 
themselves. It is a mere waste of effort to attempt to weigh, 
say, loo c.c. of water to an accuracy of more than the nearest 
decigram, unless the buoyancy correction is to be taken into 
account. 

81 . The Common Hydrometer.—The principle of flotation 
is applied to the measurement of specific gravities of liquids 
in a very convenient instrument known as the common 
hydrometer. This consists of a cylindrical glass vessel of 
the form shown in Fig. 50. The large bulb C contains air 
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and is used to float the hydrometer. It is weighted at the 
bottom either with mercury or lead shot, so that the instru¬ 
ment floats in an upright position. The projecting stem 
AB is of uniform diameter and carries a scale. 

Let V be the external volume of the hydrometer below 
some mark B near the bottom of the uniform stem, and let 
a be the area of cross-section of the stem. Let us suppose 
that, when placed in a liquid of density p, the hydrometer 
floats with the mark B at a depth h below the surface, while 
in a second liquid of density p' the same mark is h' cms. 
below the surface. The volume immersed in the first liquid 
is therefore V + ^a, and the upward thrust upon it is 

Since the hydrometer is floating in equilibrium 
this thrust is equal to the weight W of the hydrometer. 
Similarly, the thrust in the second liquid is equal to 
p'QJ -b ^'a), which is in turn also equal to W, the weight of 
the instrument. Hence— 


KV-l-y^a)=/(V+//a) 


This can be put in the form— 


II a. 

p e ' (pV -f hcC) 


Now if p and h refer to some standard liquid (such as water) 
the fraction is a constant, and 


9 P 

The difference between the reciprocals of the densities of 
the liquids is directly proportional to the difference between 
the lengths of the stem immersed. The stem can thus be 
graduated to give the density of the liquid directly. 

Since the specific gravity of a liquid is on any system of 
units proportional to its density, it is obvious that the stem 
can also be graduated to read directly the specific gravity of 
the liquid. In practice this is invariably done. Hydro- 
jtre usually supplied in sets, each instrument covering 
a definite range of specific gravities, for example, 0-7 to i, 
1 to 1-3, 1-3 tQ 1-6j and 1-6 to 2. The advantages of the 
ydrometer are that it is quick, direct reading, and requires 
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no additional apparatus. It is always employed for com¬ 
mercial purposes. 

82 . Nicholson’s Hydrometer. —This usually takes the 

form shown in Fig. 51. A scale pan A, 
at the upper end of a short metal stem, is 
carried by a cylindrical float B to the 
lower end of which is attached a second 
scale pan C, which is loaded so that the 
instrument floats in an upright position. 
In every experiment the hydrometer is 
loaded with masses placed either on A or C 
until it floats in the liquid with a fixed mark 
M, which is engraved upon the stem, at the 
surface of the liquid. The volume immersed 
is, therefore, always the same, and the in¬ 
strument is known as a constant immersion 
hydrometer. 

To find the specific gravity of a liquid 
the hydrometer is placed in water (density 
Pfl) and weights are placed in the upper 
scale pan until the hydrometer is im¬ 
mersed to the mark M. If V is the 
hydrometer below the mark and W its 



Fio. SI.—Nichol- 
son*s Hydro¬ 
meter. 


volume of the 


weight 


W -f- = weight of water displaced 

If the experiment is repeated with some other liquid of 
density we have similarly 


W-l-Wg^Vp 


where Wg is the weight required to sink the hydrometer in the 
second liquid. 


Specific gravity of liquid = 


W-f-Wg 

W-I-Wj 


The instrument can also be used to find the specific gravity 
of a solid by Archimedes* principle. In this case the hydro¬ 
meter floats in water throughout the experiment, and the 
upward thrust upon it, due to the buoyancy of the water, is 
always the same when it is floating with the fixed mark M 
on the surface. It thus serves as a kind of balance. 

The weight required to sink the hydrometer to the mark 
M is observed. The solid is placed on the upper pan A, 
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and the additional weight Wg required to adjust the hydro¬ 
meter is found. The difference between these two weights, i.e, 
Wj —Wg, is the weight of the solid in air. The solid is now 
transferred to the lower pan C, in which it is completely 
immersed in water. The hydrometer is again adjusted by 
placing weights W3 on A. The difference W3 — Wg is 
obviously the apparent loss in weight due to the body 
being surrounded by water. Hence, by Archimedes* 
principle— 


Specific gravity of solid =* 


wt. of solid 


loss of wt. in water 

Wi-Wg 

Wg-Wg 


EXAMPLES. 


1. A mass of iron (S.G.= 7'8) weighing 10 Ib. in air is 
suspended in water by a string. Calculate the tension in the 
string. 



wt. of a volume of iron 
wt. of an equal vol. of water 


= S.G. of iron = 



• • 


wt. of water displaced by 10 lb. of iron = ^^=i*28 lb. 

Tension in string = wt. of iron — wt. of water displaced 

=sio— i*28s= 8*72 lb. wt.] 


2. A block of wood (S.G. 5=o’6) weighing 500 grams in 
air is fastened by a string to the bottom of a barrel of water. 
Calculate the tension in the string when the block is com¬ 
pletely immersed. 

3. A given solid weighs 240 grams in air, and 210 grams 

when completely immersed in water. What is its specific 
gravity ? 

4 * A glass sinker weighing 100 grams in air is found to 
^igh 60 grams when in water, and 70 grams when in ether, 
what is the specific gravity of ether ? 

5. The specific gravity of ice is 0-90, and that of sea water 
* 0 * 5 * What proportion of the whole volume of a floating 
iceberg appears above the sea-level ? 
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[Let V = volume of iceberg, and V' = volume 

immersed in the water 
Wt. of berg = V . 0-90 
Wt. of sea water displaced =V' . 1*025 
As the berg is floating, these are equal 

V' = V =0-88 . V 
1-025 

.*.88 per cent, of the volume of berg is below water 

and 12 per cent, above it.] 

6. A block of wood (S.G. =o-6) floats in alcohol (S.G. o-8). 
What portion of the volume of the wood is below the 
surface ? 

7. If the block of wood in the preceding example weighs 
40 grams, what weight will be required to sink it to the level 
of the alcohol ? 

8. jA Nicholson’s hydrometer, the weight of which is 475 
grants requires weights of 200 grams and 237*5 grams to sink 
it to the fixed mark in two different liquids. Compare their 
densities. 

9. The weight required to sink a Nicholson’s hydrometer 
to the fixed mark in water is 125 grams. When a small solid 
is placed on the upper pan 53 grams is required, and when 
the body is on the lower pan 63 grams is required. What is 
the specific gravity of the body ? 

10. A piece of ice weighing 100 grams is weighted by 
means of copper gauze (density =*9 grams per c.c.) until it 
just sinks in water. The weight of copper required is found 
to be 11*25 grams. What is the density of ice? 


[The volume of the copperas—^ c.c. 

9 

= 1*25 c.c. 


Let V=s volume of ice. 

Total volume immersed in watersV 4 -1*25 c.c. 

.*. Wt. of water displaced= (V-f-1 *25) grm. 

s wt. of ice wt. of copper, 

since the two are just sinking 

= 100 +11*25=111*25 grms. 

. V=iii’25—1*25=110 c.c. 

-- . - . mass 100 I T 

.•. Density of ice= —;-=-= — = 0*91 grm. per c.c. I 

volume 110 II 
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11. A hollow glass stopper is found to weigh 23*4 grams 
in air and 3*9 grams in water. If the density of glass is 
2*6 grams per c.c., what is the volume of the internal cavity ? 

12. A block of cork (sp. gr. =0-2) is weighed on a balance 
in air, and requires weights equal to 50 grams in the other pan 
to counterpoise it. Assuming that the effect of the buoyancy 
of the air on the weights is negligible, calculate the real mass 
of the block. The density of air is 1*29 gram per litre. 
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EXAMINATION QUESTIONS._IV 

1. How is surface tension deaned ? A soap aim of 
surface tension T is stretched over a circular frame. Ex¬ 
plain what forces are exerted on the frame by the aim. If a 

loop of cotton is placed in the him and the aim inside the 
loop pierced, what happens ? 

2. Distinguish between thrust and pressure. A beaker of 
water is counterpoised on a balance. State and explain 
what will happen if a stone, held by a thread, is suspended 
in the water, but so that it does not touch the vessel 

3. What is meant by the terms density and specihc 
gravity ? A spherical balloon of diameter 4 metres and 
weighing 3 kilograms is filled with hydrogen at atmospheric 
pressure. What load will it lift ? (Density of hydrogen at 
atmospheric pressure may be taken as 0 00009, and that of 
air as 0*00128 gram per c.c.) 

4. Define pressure at a point in a liquid, and show how 
it varies with the depth. Explain how the relative densities 
of two liquids which do not mix can be compared by means 
of a U-tube. Will it make any difference if one of the 
limbs of the U-tube has a greater diameter than the other? 

5. Distinguish between pressure and force. Calculate the 
magnitude of the force on each of the sides and on the 
bottom of a rectangular tank filled with water, its dimensions 
being 80 feet by 40 feet and its depth 6 feet. A cubic foot 
of water weighs 62*5 lb. 

6. Equal masses of alcohol (S.G. 0*79) and water are 
mixed. After cooling to the original temperature the mixture 
is found to have contracted in volume by 2 per cent. What 
is the S.G. of the mixture ? 

7. How would you verify Archimedes’principle ? How is 
it applied to determine the specific gravity (a) of a solid 
(^) of a liquid ? 

8. What condition must be satisfied in order that a body 
may float partially immersed on the surface of a liquid? If 
50 c.c. of iron (S C. 7 8) float on mercury (S.G. 13*6), what 
volume of iron is immersed ? 

9. Explain the principles underlying the use of floating 
hydrometers (a) of the constant immersion type, (3) of the 
constant weight type. How may the graduations of the 
latter instrument be calculated ? 
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THE ATMOSPHERE—BOYLE’S LAW 

83 . The Pressure of the Atmosphere.—The earth is com¬ 
pletely surrounded by air which extends for a very considerable 
distance above its surface. Air being a material substance 
has weight, although its density is very small (o’ooiag gram 
per c.c. under normal conditions). Thus a body on the 
surface of the earth is subjected to a pressure arising from 
the weight of the air, in the same way that a body at the 
bottom of a pond is subjected to a pressure due to the weight 
of the water. Though the density of air is very small, yet the 
depth of the surface of the earth below the surface of the 
atmosphere is so large that the pressure due to the air is very 
considerable. It is known as the atmospheric pressure. The 
atmospheric pressure varies somewhat from day to day. It is 
normally of the order of 15 lb. to the square inch, or 1,000,000 
dynes per square centimetre. 

It may seem strange at first sight that such a large pressure 
can be existing around us without our being inconvenienced or 
impeded by it in any way. If, however, we consider, say, the 
hand. There will be a thrust on the upper surface due to the 
atmospheric pressure upon it, but there will also be a thrust on 
the under surface in the opposite direction of practically the 
same amount. The resultant force upon the hand is—^just as 
in the case of a liquid—merely equal to the weight of the air 
which it displaces—that is, a very small fraction of a gram. 

The pressure of the atmosphere can be demonstrated in 
various ways. The simplest of all is to fill a tumbler with 
water up to the brim, and then to slide gently over it a sheet 
of stout cardboard. The tumbler may then be inverted, 
without the cardboard falling off or the water running out. 
It is obvious that there is a considerable downward thrust 
upon the cardboard due to the weight of water in the tumbler. 
There must therefore be at least an equal thrust from below 

*23 



124 


MANUAL OF PHYSICS 


to keep the cardboard pressed against the bottom of the 
tumbler. This is supplied by the pressure of the atmosphere. 

The classical experiment on the subject is that of the 
Magdeburg bemisplieres. Two strong brass hemispheres (Fig. 
52) are ground together so that the joint between them is 
airtight. If the hemispheres are placed in contact, they can o^ 
course be pulled apart again with the application of a very little 
force. The pressure of the air inside and outside the hemi¬ 
spheres is the same, and hence produces 
no interference with the motion of the 
parts. If, however, after placing the 
hemispheres in contact, the air inside is 
extracted by means of an air pump, the 
pressure inside the sphere is done away 
with, while the pressure outside continues 
to act as before. It will now be found 
that a very considerable force is required 
to separate the two hemispheres. It is 
stated that in the original experiment a 
team of sixteen horses was required to 
pull the hemispheres apart. 

84 . Measurement of Atmospheric 
Pressure.— An instrument for measuring 
atmospheric pressure is knozvn as a baro¬ 
meter, The most usual form is the 
mercury barometer. This consists in its 

simplest form of a lorrg glass tube, closed s^.-Magdcburg 

at one end. This tube is completely Hemispheres, 

hlled with mercury, and inverted in a 

small reservoir of mercury. If the tube is sufficiently long, 
the mercury falls some little distance in the tube, leaving 
a space at the top of the tube which is free from air, 
and is known as the Torricellian vacuum. Since this 
space contains no matter, the pressure on the surface of the 
mercury column is zero. The pressure of the mercury in¬ 
side the tube at the level of the mercury in the trough is 
equal X.o h . p where p is the density of mercury. Since the 
mercury inside the tube is in communication with the mercury 
in the reservoir, this is also the pressure at the surface of the 
mercury outside the tube. But the pressure here can only 
be due to the atmosphere above it. Hence the atmospheric 
pressure is equal to the pressure of a column of mercury the 




THE ATMOSPHERE—BOYEE’S LAW 


125 


length of which is equal to the height of the mercury in the tube 
above the surface of the mercury in the reservoir. This height is 
known as the haxometric height, and the atmospheric pressure 
is generally stated as being equal to so many inches or centi¬ 
metres of mercury. The normal pressure of the atmosphere is 
defined as being equal to the pressure due to a column of 
mercury 760 mm. in height. In the English system the normal 
atmospheric pressure is taken as the pressure corresponding to 
that of a column of mercury 30 inches in height. These two 

pressures arc not exactly 
equal. 

The mercury barometer 
is, therefore, an instrument 
for measuring the atmo¬ 
spheric pressure by balanc¬ 
ing it against that of a 
column of liquid of known 
density. Mercury is the 
most convenient liquid as, 
on account of its high 
specific gravity (13-6), a 
comparatively short column 
is required. If water were 
employed it would obvi¬ 
ously require a column 
13*6 times as long to pro¬ 
duce the same pressure. 
Fig. 53.—Simple Mercury Barometer. The height of the water 

barometer would, therefore, 
be about 13*6 x 30 inches, or nearly 34 feet. Water has also the 
additional disadvantage that it is somewhat volatile at ordinary 
temperatures, and its vapour exerts a sensible pressure in the 
space above the column, which must be corrected for. The pres¬ 
sure of mercury vapour at ordinary temperatures is negligible. 

It must be noted that it is the vertical height of the 
mercury surface in the tube above that in the reservoir 
which IS the barometric height. If the barometer tube is 
inclined to the vertical, the length of tube occupied by the 
rnercury will increase (Fig. 53), but the vertical height above 
the surface in the reservoir will be unaltered. 

Practical mercury barometers are more complicated than 
the simple instrument described, being fitted with various 
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mechanical devices for adjustment, and for reading the 
height of the mercury with the greatest accuracy. These 
details are best studied in the laboratory. 

85. The Aneroid Barometer.—Another form of barometer 
often used for recording changes in the atmospheric pressure 
IS known as the aneroid barometer. An airtight metal box A 
(Fig. 54 ) IS fitted with a lid of thin corrugated metal, and the 
air IS partially extracted from the box, which is then sealed 
The pressure of the atmosphere on the Ud of the box is much 
greater than that of the air remaining in the box, and the lid 
would therefore bulge in owing to this excess pressure if it 
were not supported by a stout spring C. If now the pressure 
Of the atmosphere increases, the resultant thrust on the 
diaphragm B will increase, and the spring will bend, allowing 
B to sink somewhat. If, on the other hand, the pressure 
decreases, there will be less force 


upon the spring, which will there¬ 
fore cause the diaphragm to rise. 
The motion of the diaphragm, 
which is very small, is magnified 
by a system of levers which are 
generally arranged so as to record 



Fig. 54.— Principle of the 
Aneroid Barometer. 


the motion by the movement of a pointer on a circular scale. 

The aneroid barometer requires to be calibrated by com¬ 
parison with a mercury barometer, and the calibration needs 
to be checked from time to time, as the strength of the spring is 
apt to vary. The instrument has the advantage that it can be 
made quite small and portable, there being no liquids to spilL 
It is often put up in the shape and size of a watch. A larger 
form of the aneroid is sometimes fitted with a pen at the end of 
the pointer. The pen moves up and down a paper scale wound 
on a cylinder, which is rotated by clockwork at a uniform rate. 
A continuous record of the barometric height is thus obtained. 

86. Variation of Pressure with Height of Ascent._Since 


the pressure at a point in the atmosphere is due to the weight 
of the air above it, it is evident that it will decrease as we 


ascend. The calculation is not, however, so simple as in 
the case of a liquid. A liquid is incompressible or very 
nearly so, so that the density of a column of liquid is 
practically the same throughout. On the other hand, a gas 
is very compressible, so that if we ascend from the surface of 


the earth to some point where the pressure i.s less the density 
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of the air is also less, and is therefore gradually varying all 
he wp the column. We cannot, therefore, find the 

column of air simply by multiplying its 
e ght by the density of air at the surface of the earth. The 
re^tion can, however, be obtained by more elaborate calcu¬ 
lations, and affords the basis for a convenient method of 

measuring the height of an ascent. Thus 
the height of a mountain can be estimated 
with some accuracy by finding the differ¬ 
ence in the atmospheric pressure at its base 
and at its summit, and the height at which 
an aeroplane is flying can be found in a 
similar way. It can be shown that the 
difference in height in centimetres between 
two stations can be obtained approximately 
by finding the difference between the loga¬ 
rithms of the barometer readings at the two 
places and multiplying the difference by two 
million. In practice the barometers used 
for the purpose are graduated to read the 
difference in level directly upon a scale. 

87. Compression of Gases.—We have 
seen that a gas is distinguished from a 
liquid by its compressibility—that is to 
say, the volume of a given mass of gas is 
not constant, but depends upon the pres¬ 
sure upon it. The relation between the 
pressure and the volume of a mass of gas 
can most conveniently be studied by means 
of the apparatus shown in Fig. 55 . AB is 
a glass tube of uniform bore closed at the 
upper end A. The lower end, which is 



Flo. 55. —Boyle’s 
Law Apparatus. 


open is lower end, which is 

toaseconH ^ u ^ means of rubber pressure tubing BD 

of the Xs lower poftions 

♦ u* together with the whole of the ores- 

of air or mercury, while a suitable mass 

tube AB. The tubt'^AB'^is^fi^ above the mercury in the 

the tube DP c, ® m a vertical position, while 

being usu^w r uP ^ stand there 

positfon A vertfcar' 1 

the mercury su^aces inteT^tubes'"'^"^"^'^ 



128 


MANUAL OF PHYSICS 


To begin the experiment, adjust the position of the sliding 
tube until the mercu^ stands at exactly the same level in both 
tubes. In this position the two columns of mercury exactly 
balance each other, and hence the pressure of the gas in AB 
is the same as the pressure of the atmosphere on the mercury 
in ED. We thus have a volume of gas AF at atmospheric 
pressure. The tube AB is sometimes graduated in cubic 
centimetres. This is, however, not absolutely necessary, as, 
since the tube is uniform, the volume of the gas may be taken 
as proportional to the length of the tube which it occupies. 

Now raise the tube ED. The level of the mercury rises in 
each limb, but more rapidly in the open than in the closed 
one. There is thus a difference in level between the two 
mercury columns, and the pressure inside the closed tube is 
greater than the atmospheric pressure by the pressure due to 
this difference of level. Thus if h is the difference in level, 
and P the atmospheric pressure measured in centimetres of 
mercury, the pressure of the gas in AB is now equal to P + y4 
cms. of mercury. The volume of the gas at this new 
pressure is obtained by measuring the length of the tube AB 
occupied by the gas under these new conditions. The tube 
ED is again raised, and further readings taken. 

The experiment can be extended by lowering the tube ED so 
that the mercury in ED stands below that in AB. The pressure 
on the gas is then equal to P — h, where h is the difference in 
level of the two surfaces. The results are tabulated by writing 
the pressures in one column and the corresponding volumes in 
a second parallel column. It will at once be noted that as the 
pressure increases the volume decreases. If we multiply each 
volume by the corresponding pressure we shall find that the 
product of the pressure into the volume is the same for all the 
different readings, within the limits of our experimental error. 

For a £dven mass of gas kept at constant temperature the 
product of the pressure into the volume is constant. 

Thus if p is the pressure of the gas and v the correspond- 

ing volume— ^ ^ _ constant. 

We may also write this result in the form 


The pressure of a given mass of gas kept at constant 
temperature is inversely proportional to the volume. 
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This important result is known as Boyle*s law. 

The law may be illustrated graphically from our readings by 
plotting on graph paper the corresponding values of p and 

It is usual to plot the values of / as ordinates and of - as 

^ V 

abscissae (Fig. 56). The resulting curve is a straight line. 

It is necessary in stating Boyle’s law to specify that the tem¬ 
perature of the gas remains constant, because, as we shall see 
later (§ 113), the volume of a given mass of gas varies rapidly 
with the temperature. In the experiment described the tem¬ 
perature of the gas is that of the room, which will usually remain 

sufficiently constant during the 
course of a set of readings. 

It is also necessary to specify 
that the mass of gas should be 
constdnt^ Hs the voluni© occu- 
pied by the gas will depend on 
the mass of it present. If the 
pressure and temperature re¬ 
main constant the volume of 
a gas is directly proportional 
to its mass, exactly as in the 
case of a solid or liquid. 

Thus for a given kind of gas 
the volume v is proportional 
Thus inversely proportional to the pressure p. 



Fig. 56.—Boyle’s Law. 
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That is to say, for a given gas the pressure is directly propor¬ 
tional to the density. Hence we may state Boyle’s law in the 
lollowing form, which is often convenient: 

The pressure of a gas at constant temperature is directly 
proportional to its density. 


EXAMPLES. 

I. The air in the closed limb of a Boyle’s law apparatus occu- 

pressure of 74 cms. of mercury. What will its 
ume be if the pressure is increased to 148 cms. of mercury ? 
9 
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2. A mass of air is enclosed by means of a mercury thread 
3 cms. long in a glass tube sealed at one end. If the tube is 
held vertically with the sealed end uppermost, the length of 
the air column is 13 cms., but when the tube is inverted it is 
1 2 cms. Calculate the atmospheric pressure. 

[The pressure on the enclosed air in the first case is 
that of the atmosphere less that of the thread of 
mercury, (P—3) cms. of mercury, where P is 
the atmospheric pressure in centimetres of mercury. 
With the tube inverted the mercury thread tends to 
compress the gas, and the pressure is now (P -f- 3) cms. 
By Boyle’s law (P —3)r3 = constant —(P + 3)ia 
P=7S cms. of mercury.] 

3. A bottle filled with air at atmospheric pressure (76 cms.) 
is plunged neck downwards below water. At what depth will 
it be half full of water ? 

4. What mass of air will leave a room measuring 4 metres 
by 6 metres and 3 metres in height when the barometer falls 
from 77 cms. to 74 cms., the temperature remaining constant 
at o* C. ? (Density of air at 76 cms. and o* C. is 0 0013 grams 
per cubic centimetre.) 


[Density of air at 77 cms. = 0*0013 X — 

76 


•f 


„ 74 cms. = 0*0013 X 


74 

76 


Volume= 400 X 600 X 300 c.c.= 72,000,000 c.c. 

= 72 X TO® c.c. 

•. Mass of air leaving room= 72 X io®x (0*0013 X 

V 76/ 

— 72 X io«x ^0*0013 X grams 


= 3*7 kilos.] 


5. At what pressure will the density of air at a temperature 
of o® C. be equal to that of water ? (Density of air at normal 
atmospheric pressure and o® C. = 0*0013 grams per cubic 
centimetre.) 


[Other examples involving Boyle’s law will be found at 
the end of Chapter III., Book II.] 


CHAPTER XIV 

PUMPS—PRESSURE GAUGES 



88. A.ir Pumps.—An air pump is a device for increasing oi 
decreasing the pressure of gas in a given vessel. Pumps for 

compression pumps, those 
for decreasing the pressure as exhaust pumps. 

The action of most pumps depends on the presence of 
valves. A valve is a device which allows a fluid to pass freely 
m one direction, but not at all in the opposite direction. 

Valves are of various 
forms. The most obvi¬ 
ous is the valve shown 
in A (Fig. 57). The 
orifice is closed by a 
light plunger, generally 
slightly conical in shape. 
If there is an excess of 
C pressure below the valve 
the plunger will be lifted 
and the fluid will pass 
through. On the other 
hand, if there is an 
excess of pressure above, 
j tbe plunger will merely 

hir. tightly into the aperture, which will thus be 

DiocKed The plunger is generaUy replaced by a small steel 

fh#. aperture. Excess of pressure below 

the ball will lift It sufficiently to allow the fluid to pass, but 

excess of pressure above will only drive it more firmly into 

the aperture. A modification of this is shown in B, Fig. 57. 

consists of a strip of oiled silk fastened at two opposite 

.f" e^tcep of pressure below the silk will raise the flap 

wVl ^ through the two unfastened 

edges, while pressure from above will press the silk firmly into 
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the hole. The type of valve used on pneumatic tyres is shown 
in o, rjg. 57. It acts in much the same way as B. 

89 , The Compression Pump.—The principle of the com¬ 
pression pump (of which the common bicycle pump is an 
example) is shown in Fig. 58. It consists of a cyUndrical 

^ airtight piston B. A side tube 

1 , fitted with a valve V, opening inwards, permits the entrance 
of gas into the cylinder. The exit tube C is fitted with a 
second valve V' opening outwards. 

Let us suppose that the piston is moving inwards. The 
volume of the air in the pump is thus decreased, and its 
pressure consequently increases. This closes the valve V, so 
that no air can escape through the tube T. The compression 
now increases until the pressure inside the pump is slightly 



Fig. 5 ®*~^onfipression Pump. 


greater than that in the vessel attached to C (the tyre in the 
cpe of a bicycle pump). The valve V' then opens and the 
air IS forced into the vessel, thus increasing the pressure there 
The piston has now reached the end of its stroke. It is now 
drawn outwards. The valve V' is immediately closed by the 
pressure of the air in the vessel. At the same time the 
volume of the small amount of gas left in the cylinder between 
the piston and the valve Y' is increased, so that its pressure 
falls below that of the atmosphere. The valve V now opens, 
and when the piston is withdrawn as far as possible the barrel 
is filled with air at atmospheric pressure. The cycle of opera¬ 
tions is now complete, and a fresh compression stroke begins. 

90 . The Bxhaust Pump.—The exhaust pump (Fig. 59) is 
the same in principle as the pump just described. A well- 
fitting piston B is furnished with a valve opening outwards 
into the air, while the tube T connecting the pump to the 
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vessel to be exhausted has a valve V, opening inwards into 
the barrel of the pump. Let us suppose that the pump and 
the vessel to be exhausted are full of air at atmospheric 
pressure and that the piston B is at the top of the barrel. On 
moving the piston down, the pressure of the air in the barrel is 
increased. This closes the valve V, shutting off all connection 
between the pump and the vessel (often known as the receiver). 
At the same time the increase in pressure in the barrel opens 
the valve V' and at the end of the stroke, when B is pressed 
against the end of the barrel, the whole of the air in the 

barrel has been expelled into the atmosphere. 
The piston is now withdrawn, and the pres¬ 
sure in A being now practically zero, the 
valve V is pressed upwards connecting the 
receiver with the barrel, and gas flows from 
the receiver until the pressure in the ap¬ 
paratus is the same throughout. 

If we suppose for simplicity that the 
volume of the barrel when the piston is at 
the top of its stroke is the same as that of 
the receiver, the gas originally in the receiver 
will now occupy twice its original volume, 
and its pressure will therefore be half the 
original pressure. The cycle of operations 
is now repeated, the valve V' now opening 
when the gas in the barrel has been com¬ 
pressed to atmospheric pressure (in the case 
we have supposed this will occur when the 
piston is half-way down the barrel), the valve 
V as before remaining closed throughout 
the down stroke. The whole of the air in the barrel is 
thus again expelled into the atmosphere, and on again 
raising B the valve V opens and the gas in the receiver 
again expands to fill the whole apparatus. Its pressure is 
therefore again halved. That is to say, the pressure in the 
^ceiver is now reduced to J X or ^ of the original pressure. 
Ihus, by each complete cycle of operations, the pressure in 
the receiver is halved, so that after ^ complete cycles the 
pressure in the receiver is (i)" of its original pressure. Thus in 
the case described, after only eight strokes, the pressure in the 
receiver would be reduced to (i)« or ^th atmosphere, 
aoout 3 mm. of mercury. It can be shown in the same way 



Fig. 59 , —Exhaust 
Pump. 
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that Y is the volume of the receiver and v the volume of the 
barrel the pressure p* after n complete cycles will be given 

where / is the original pressure. In practice 

however, owing to various mechanical difficulties, the pumps 

do not come up to the theoretical standards, and it is ^ly in 
the case of a particu- ^ 

larly well-made pump 
that a vacuum as low 
as 3 mm. of mercury 
could be produced 
after any number of 
strokes. 

91. Vacuum Pomps. 

— The difficulties in 
the way of producing 
a high degree of ex¬ 
haustion by means of 
the pump described 
are mainly connected 
with the valves. All 
the valves described 
leak slightly. More¬ 
over, they have 
weight, so that a 
definite thrust is 
needed to lift them. 

When the pressure of 
the gas in the receiver 
falls below a certain 
value the pressure 
X area of valve 
becomes less than 
the weight of the 

valve, and the pump ceases to work. Various devices have 
been invented to produce the high vacua needed in modern 
scientific work. The simplest is that known as the Toepler 
pump. 

The Toepler pump (Fig. 6o) consists of a large glass bulb 
A on the end of a vertical tube B, rather more than 30 inches 
long. The lower end of B is connected by pressure tubing 
to a reservoir of mercury C. A narrow tube emerges from 
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the top of the bulb A, and bending twice at right angles dips 
down into a small vessel of mercury. Just below the bulb 
a side tube F leads from B through a valve V to the receiver 
G. This valve consists of a small glass piston moving in a 
somewhat wider glass tube. 

The action of the pump is similar to that already described. 
When the reservoir C is raised the mercury in B rises, and on 
reaching the side tube F effectively cuts off connection 
between the bulb A and the receiver G. On lifting C still 
higher the mercury gradually fills the bulb, sweeping the air 
before it through the exit tube, until the whole of A is 
filled with mercury. At the same time it also rises in V, but 
in doing so it forces the glass float against the top of the valve 
tube, thus preventing the mercury from flowing into the re¬ 
ceiver. It will be noted that this valve is only required to 
stop the flow of mercury. The flow of gas is completely 
stopped by the column of mercury in F and B. 

The reservoir is now lowered, and as the height of the 
column of mercury in B is now greater than the barometric 
height the column breaks at the bend, leaving a column of 
mercury equal to the barometric height in the two tubes. By 
lowering the reservoir still further, the column of mercury can 
be made to fall below the side tube F, The mercury in F 
runs back into B, thus placing the reservoir once more in 
communication with the bulb A. As A is a vacuum the gas 
in the receiver expands into A until the pressure in A and G 
is the same, just as in the case of the mechanical pump. 
Thus at each complete cycle of operations the pressure in G 
IS reduced by a definite fraction of its actual value. Since 
there is no leakage, and no mechanical valves to be operated 

the gas pressure (the valve V is worked by the mercury), 

the pressure of the gas in the reservoir can be reduced 
indefinitely. 

Tl^ Toepler pump, which is slow acting and laborious to 
use, has been largely replaced by some type of roiary oil 
pump the principle of which is illustrated in Fig. 60^7. A 
cylmder A is mounted excentrically on a shaft S which passes 
dOTO the centre of a wider fixed cylinder G. The two 
^Imders touch at some point such as B, in the diagram. 
A vane C can move up and dovm in a vertical plane, and 
IS kept m contact with A by the action of a spring, not 
shown m the diagram. E is connected to the vessel to be 
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evacuated, and the gas is expelled from the pump through 

the e^t port F, a ball valve V preventing any return of the 
gas through this port. 

As the inner cylinder rotates in the direction of the arrow 
the pomt of contact, B, moves round the outer cylinder in 
the same direction, sweeping the gas in the space H before 
It, and forcmg it out through the valve V. At the same 
tune th6 space J has been increasing in volume, and gas 
from the apparatus to be exhausted flows into this space 
tmough E. The vane C prevents any passage of gas from 
H to J. The process begins all over again as the point of 
contact B passes the vane C, and the pumping is thus 

continuous. The shaft S is 
rotated by an electric motor, 
and the pump is immersed in 
a bath of oil which prevents 
leakage of air into the vacuum 
spaces, and also serves as 
a lubricant. It is usual to 
have two such pumps in series, 
the outlet of the first pump 
connecting to the inlet of the 
second, which itself discharges 
G directly into the atmosphere. 
A two-stage pump of this 

Fig. 6oa.—Principle of the Rotary exhaust a vessel to 

High Vacuum Pump. ^ pressure of o'oor mm. of 


C? 




mercury in a few minutes. 

92 . Water Pumps.—The Common Pump.—Suppose that the 
tube T of the air pump in Fig. 59, instead of being connected 
with a reservoir of gas, dips beneath the surface of water in a 
well (Fig. 61). The tube will initially be full of air at atmospheric 
pressure, and the water will stand at the same level inside and 
outside the tube. If now we work the pump the air pressure 
in the tube is reduced below atmospheric, and hence a column 
of water is forced up the tube until the pressure due to the 
water column compensates the deficiency of pressure produced 
by the pump. At each stroke of the pump, therefore, the 
column of water will rise higher in the tube until, if the tube 
IS not too long, the water will reach the barrel of the pump. 
It is obvious that the column of water cannot exceed the 
length necessary to counterbalance exactly the whole atmo- 
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sphenc pressure. That is to say, it cannot exceed the height 
of the water barometer, about 34 feet. In practice it would 
have to be considerably shorter than this 

Let us suppose that the tube T is now full of water and 

the piston at the bottom of its stroke. On raising the piston 
the water is forced by ” ^ 

the atmospheric pres¬ 
sure on the water in the 
well into the barrel of the 
pump, lifting the valve V 
on its way. Thus at the 
top of the stroke the 
whole barrel of the 
pump will be full of 
water. On forcing down 
the piston, this water 
raises the valve V' and 
escapes to the top of 
the piston. On the next 
upstroke this water will 
be lifted bodily upwards 
by the piston (its pres¬ 
sure keeping the valve 
V closed) and will over¬ 
flow over the top of the 
pump, or more conven¬ 
iently through a spout 
let into the side of the 
barrel near the top 
61). The piston 
rod is usually worked 
by means of a lever. 

This form of water 
pump is usually known 
as the common pump. 

93 The Force Pump.—The common pump, as we have 
noted, will not raise water from a depth of more than 34 
feet below the level of the barrel. If water is required to be 
raised a greater distance than this, a force pump must be 
employed The force pump (Fig. 62) differs from the common 

piston, while a side tube C is con¬ 
nected with the bottom of the barrel, and fitted with a valve 



Fig. 61.—The Common Pump. 
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V' opening outwards from the barrel—that is, into the 
tube. 

The process of filling the tube T with water is exactly the 
same as in the common pump, with the exception that the 
air is expelled from the barrel through the tube C instead of 

through the piston. The tube T 
being filled to the valve V, the 
next upstroke fills the barrel 
with water. On pressing the 
piston down again, this water is 
expelled through the valve "Y 
into the tube C. When the 
piston is again lifted, the pressure 
of water in C closes V', and thus 
prevents the water from running 
back into the barrel. At the 
same time the pressure of the 
water in T opens the valve V 
and thus again fills the barrel. 
At the next downstroke more 
water is forced into C, and the 
level of the water in C again 
rises until the top of the tube is 
reached. As the water in C is 
raised by the force on the piston 
during the downstroke, there is 
no limit to the height to which 
the water can be raised up this 
tube, providing the necessary 
force can be exerted on the piston 
rod. Thus the force pump can be 
used to raise water to any desired 
height. As before, however, the 

FiG- 62 .—The Force Pump. tube T must be shorter than the 

height of the water barometer. 

94. The Siphon.—A siphon consists of a U-tube one limb 
of which is usually longer than the other. If the siphon is 
filled with water and the shorter leg is immersed in a vessel 
of water, the latter will continue to flow out through the 
siphon until the vessel is emptied. 

For let us suppose that the open end B (Fig. 63 ) is closed 
for a moment. Now the pressure at A on the level of the water 
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m the vessel \wll be the atmospheric pressure both inside and 
outside the tube while it can easily be seen that th”Sss“e 

fhA ^ Ml Other limb of 

sphenc. The downward pressure at B, therefore. ^11 be 

^^hqidd pressure due to the column 

ot hqmd QB. If B is now opened, the pressure upwards 

u^n t^s co^ of liquid wiU be merely that due to the 
atmosphere. Hence the liquid 

will flow in the direction of 
the greater pressure, and a 
continuous stream of liquid 
will flow through the siphon. 

It is not necessary, though 
it is generally convenient, 
that the limb BC should be 
longer than the limb AC. 

If BC is shorter than AC 
the siphon wiU still continue 
to work as long as the end 
B is lower than the level of 

the surface of the liquid in 
the vessel. 

Since the pressure at A is 
atoospheric the pressure at 
C on the bend of the siphon 
^ be less than atmospheric 
by the pressure of the column 
of liquid AC, If the height 
ot the column AC is greater 
than the height of the water 
barometer the pressure at C 



Fig. 63.-“The Siphon. 


tension^^ water would be under 

to withstand circumstances a liquid is unable 

pull it™l, tension-that is to say, a force tending to 

break at^C and^ “Part. Hence the column of water would 
c^ot ha Thus a siphon 

over whfch ” emptying a vessel if the height 

the height of the wa^ertaromTtt 

Pressu^nf^^^ Gauges.—An instrument for measuring the 

gas or vapour is known as a pressure gauge, or 
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manometer. Xhe ordinary barometer, which is a device for 
measuring the pressure of the atmosphere, is therefore a 
pressure gauge. It can be adapted to measure pressures 
other than that of the atmosphere, and is then known as a 
barometer gauge. Thus, to measure pressures less than that 
of the atmosphere the upper end of the barometer tube instead 
of being sealed is connected to the reservoir the pressure in 
which is required (Fig. 64a), Then, if the level of the 



Fig. 64.—Barometer Gauges. 


^mercury in the tube is at A, the pressure at a point B on the 
mercury surface in the trough is atmospheric, and that at A 
is therefore less than atmospheric by the pressure due to a 
column of mercury of height AB, Thus if the barometric 
[height at the time is 75 cms. and the column AB is 70 cms., 
;the pressure of gas in the reservoir is 75 cms.— 70 cms., that 
is, 5 cms. of mercury. 

’ To measure pressures greater than that of the atmosphere 
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the upper end of the tube is left open to the air (Fig. 64^) 
while the reservoir of mercury is enclosed in an airtight 
vessel connected with the gas supply whose pressure is 
required. The pressure at A, the surface of the mercury 
column, IS atmospheric, and the pressure at B in the reservoir, 
which is that of gas, is therefore equal to the atmospheric 
pressure plus that of the column of mercury AB. 

A siphon manometer can be used to measure pressures 
either greater or less than atmospheric. It consists of a bent 
glass tube (Fig. 65) containing some suitable liquid which 
about half fills the limbs. The end C is connected to the 
vessel in which the pressure is to be 
measured, while the other end D is 
usually open to the air. 

If the pressure in C is greater than 
atmospheric it will force the liquid 
round the tube until the pressure due 
to the difference in level of the liquid 
in the two limbs is equal to the 
difference between the pressure in the 
vessel and the atmospheric pressure. 

If, however, the pressure in the vessel 
is less than atmospheric the liquid 
will be forced round towards C until 
the excess pressure due to the liquid 
counterbalances the difference in 
pressure between the vessel and the 
atmosphere. Thus in either case 
the pressure in the vessel is greater 
or less than the atmospheric pressure 

by the pressure due to a column of the liquid equal in height 

to the difference between the levels of the liquid in the two 
limbs of the gauge. 

The properties of gases may also be employed to measure 
pressures. Suppose, for example, a quantity of air is enclosed 
n the glass tube AB (Fig. 66) between the closed end A and 
a liquid mdex C. If the pressure is doubled, then by Boyle’s 
law the volume of the gas in AC will be halved, and 

a position C' so that AC' is exactly 
i<£ index is at C, when the pressure 

w4ii the pressure corresponding to the position C' 

be two atmospheres, and so on. Conversely, if the 



Fig. 65.—Siphon 
Manometer. 
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pressure is halved, the index will move to a position C* such 



that CC' is twice AC. The gauge can thus be 6tted with a 
direct reading scale of pressures. 
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EXAMINATION QUESTIONS._V 

would®mI^e®t7^erify experiments you 

2. Describe experiments to demonstrate the pressure of the 
atmosphere. Explain generally how the height of an ascent 
can be determmed from the readings of a barometer. 

barometer and explain its action. 
Calculate the pressure of the atmosphere in dynes per square 

centimetre when the barometer stands at 760 mm. (Density 

of inercury= 13-6 grams per c.c .; acceleration due to gravity 
= 981 cms. per sea per sec.) ^ ^ 

4 - Draw a diagram of some form of air pump and explain 
i^te action. Describe some form of pressure gLge suitable 

for measunng the pressure of the residual gas in the receiver 
after the pump has worked for some time. 

I' ® explain its action. 

duction onowS pr^°?ures' 

7 - Explain the action of the siphon. What is the greatest 
m"eLs oT^srphon ^y 
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HEAT 

CHAPTER I 

HEAT AND TEMPERATURE 

96. Preliminary Ideas of Heat and Temperature._^Our 

first ideas on this branch of Physics are deiived directly from 
our sensations. If we place a kettleful of cold water on the 
fire, and place a finger in it from time to time we find that 
the water is gradually becoming hotter and hotter, until at 
last it boils. In scientific language we describe this by saying 
that the temperature of the water is increasing. The boiling 
water has a higher temperature than the water with which we 
started, and this difference of temperature can be directly 
perceived by our senses. We may thus define temperature 
as the degree of hotness of a body. 

It is natural to regard this change in the water as being 
due to something which has passed from the fire into the 
water. This something we call heat. We shall discuss its 
nature later. For the present it will be sufficient to regard 
it as something which can be transferred from one body to 
another, and which causes the body receiving it to become 
hotter. Thus if we place a lump of cold metal in a beaker 
of hot water we find that the metal has become warmer, and 
the water perceptibly cooler. The hot water has parted with 
some of its heat to the cooler metal, with the result that the 
temperature of the latter has increased, and that of the former 
has diminished. 

Though heat and temperature are thus closely connected 
it is important to distinguish very carefully between them. 

It is quite easy to show that similar quantities of heat may 
produce very different effects in different bodies. For ex- 
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ample, if we place a needle on the fire at the same time as a 
kettleful of cold water, the needle will become red-hot before 
^e temperature of the water has perceptibly increased. 
The red-hot needle has received obviously far less heat than 
a kettleful of boiling water, but its temperature is nevertheless 
considerably higher. On the other hand, if we place the red- 
hot needle in the boiling water, although the latter possesses far 
more heat than the former, it is the needle which gives up 
heat to the water and not vice versa, 

' JVe may thus define temperature as that physical condition 
which determines which of two bodies, placed in contact, will part 
with heat to the other. 


No entirely satisfactory definitions of heat and temperature 
have yet been proposed, but the relation between the two can 
be made clear by analogies drawn from other branches of 
science. The simplest illustration is that of the flow of 
water from a higher to a lower level. If, for example, we 

that the water will flow from the tank to the sea if the two 
fu® ^otinected by a pipe, although the quantity of water in 
the tank IS infinitesimally small compared with that in the 

w ^ J very closely to the case in wh ich the 

hot needle imparted heat to the hot water, although the 

i^n the w'" f eedle was small compared with that 

in the water. We may thus compare heat with the quantity 

of water in a tank, while temperature will then correspond 

to the level of the tank. Just as water flows from a higher 

to a lower level, irrespective of its amount, so heat will |ass 

from a body at a higher to one at a lower tempTraturr 

^respective of the quantities of heat in the two bodiel VVe 

of quantity of water which will raise the level 

hLght wm nroH “ measuring jar to a considerable 

watS^n , I ''^^y small increase in the level of the 

produce a „ ; Quantity of heat which will suffice to 

produce a great increase in the temperature of one bodv 

rjthr W ^ ■" ‘he temperature o^f 

to 
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very sensitive nor very reliable. For example, in a cold 
room a steel fender will feel appreciably colder than the ad¬ 
jacent hearth-rug, although, since neither is imparting heat to 
the other, it is obvious that they must be at the same tem¬ 
perature. We need some more accurate means of measuring 
the temperatures than the hand, which is in any case not 
capable of affording numerical estimates. Any instrument 
for measuring temperature is called a thermometer. 

Temperature, unlike length, volume, or force, is not 
capable of being directly measured; we cannot say how 
many times one temperature is contained in another. Tem¬ 
perature can only be measured by the 
changes which it produces in other quan¬ 
tities which are themselves capable of 
direct measurement. For example, let us 
take a small flask (Fig. 67) fitted with a 
cork and capillary tube, and filled with 
a liquid such as alcohol, so that the latter 
stands at a given mark on the capillary 
tube. If we place this in a saucepan of 
water and begin to heat, we shall find that 
as the water becomes hotter the alcohol 
rises continuously in the capillary tube, 
resuming its old volume again if the water 
is allowed to cool. Alcohol expands with 
increase in temperature, and this expansion 
can be made use of to measure tempera¬ 
ture. If we were to make a series of 
marks on the capillary stem, each of these 
marks would correspond to a certain 
definite temperature, and the fact that the column of alcohol 
stood at one of these graduations would indicate that the 
substance with which the bulb was in contact was at the 
corresponding temperature. The instrument would thus serve 
as a simple kind of thermometer. Most of the thermometers 
in actual use are based on this principle. 

But the alteration in the volume of a liquid is not the only 
change brought about by change in temperature. Among 
others we may mention the increase in length of a solid, the 
increase in volume of a gas kept at constant pressure, the 
increase in pressure of a gas kept at constant volume, the 
increase in the electrical resistance of a wire, and the increase 



Fig. 67.—Measure¬ 
ment of Tempera¬ 
ture by Expansion 
of a Liquid. 
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in the electromotive force of a thermo-couple. Any of these 
changes may be used to measure temperature, and thermo¬ 
meters based on each of them have in fact been constructed, 
and are used for special purposes. We shall consider 
them in their place. The expansion of a liquid contained in 
a glass vessel is, however, the property most generally em¬ 
ployed, as it is in practice the simplest and most convenient, 
though not the most accurate or most sensitive method. 

98 . Liquid-m-Glasa Thermometers.—The simple type of 
apparatus which we have used to illustrate our principle 
labours under some obvious disadvantages. In the first 
place, since the end of the capillary tube is open to the air 
the liquid will gradually evaporate, and its volume become 
less. Again, the cork is too insecure a method of connection 
for an instrument which is meant to be permanent, the 
flask is too cumbersome for many purposes, and the large 
quantity of liquid in it would absorb too much heat from the 
substance whose temperature we desired to measure. An 
ordinary liquid-in-glass thermometer is constructed by taking 
a piece of uniform narrow bore capillary tubing and blowing 
a small bulb at one end. This bulb may be either spherical 
or cylindrical—the latter for preference. The thermometer 
is then fiUed with the liquid chosen—called the thermometric 
flmd—by alternately heating and cooling the bulb with the 
open end of the stem under the surface of the liquid. When 
a suitable volume of the liquid has entered the tube the 
liquid IS made to boil, so that the vapour from it may 4 xpel 
all the air from the capillary tube. The latter is then sealed 
off, and we are left with a definite volume of the liquid in the 
bulb and stem, with an air-free space above it. 

99. Choice of a Thermometric Fluid-All liquids expand 

with rise of temperature, but all are not equally suitable for 
thermometnc work A liquid to be used in a thermometer 
should possess the following properties : 

1. It should easily be obtained pure. 

2. It should be easily visible in the capillary tube. 

3- It should not stick to the walls of the tube, but should 
readily rise or fall to the proper position in the stem. 

^4- It should remain liquid over a long range of temperature 

that IS to say. It should have a low freezing point and a high 

boiling-point. The thermometer becomes useless if the fluid 
in It either freezes or boils. ^ 
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r conductor of heat, so that the 

whole of the liquid in the thermometer may attain quickly 
the temperature to be measured. 


V purposes it is important that the thermometer 

should abstract as little heat as possible from the substance 
whose temperature is to be measured. The liquid should 
therefore have a small capacity for heat—that is to say, it 
should require only a smaU quantity of heat to produce a 
consiuerabie change in temperature. 

In practice only two liquids, mercury and alcohol, are used 
in thermometers, and of these mercury is by far the more 
important. It is easily obtained pure, and when pure does 
riot readily stick in the capillary tube. It is opaque and 
therefore easily seen, and is a good conductor of heat. It 
remains liquid over a considerable range of temperatures 
( 39 C. to 357 C-)> including those which are most com¬ 

monly measured. On the other hand, its capacity for heat 
IS high. This can, however, be counteracted by making the 
bulb of the thermometer small, and is not sufficient to 
outweigh the many practical advantages which mercury 
affords. A further advantage is that the measurements of 
temperature, as made by a mercury thermometer, agree very 
closely with those made by a thermometer in which air is used 
as the thermometric substance. As the air thermometer is 
the instrument adopted as the standard in accurate scientific 
work, this is of great importance. 

Alcohol has fewer advantages than mercury. It is colour¬ 
less, and therefore has to be rendered visible by dissolving in 
it some dye. It does not stick, but, as it wets the sides of 
the tube, a small amount of the liquid remains behind when 
the column is falling, and the reading is then apt to be a little 
too low. Its heat capacity is less than that of mercury, and 
its expansion for a given rise of temperature much greater. 
On the other hand, its boiling-point is very low (78® C.), less 
than that of water. Its great advantage over mercury is that 
it possesses a very low freezing-point (—130® C), so that it can 
be used to jmeasure temperatures, such as those recorded in 
the Arctic regions, at which mercury is solid. This, and ,the 
fact that an alcohol thermometer is a little cheaper to 
construct, are the only factors which keep it in use as 
a thermometric liquid. 

For temperatures still lower than the freezing-point of 
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alcohol a thermometer containing petrol is sometimes used, 
while, for temperatures above the boiling-point of mercury, the 
use of a liquid alloy of sodium and potassium has been 
suggested. At present, however, such thermometers may be 
regarded more or less as scientific curiosities. 

100 . Construction of a Scale of Temperature.—To use our 
thermometer as a measuring instrument it requires to be 
graduated. We might divide the stem into any suitable 
arbitrary number of steps or degrees, and each of these would 
correspond to a definite temperature. Thermometers were at 
first divided in this arbitrary way. But though the readings 
of such a thermometer would be perfectly consistent, they 
would not necessarily agree with those of any other instrument. 

I hus, before the results of one scientist could be compared 
with those of another, it would be necessary to compare their 
thermometers against each other. This is obviously an 
inconvenient mode of procedure. It is, therefore, necessary 
o set up some standard scale of temperature, capable of 
being accurately reproduced anywhere and at any time. 

For this, two standard temperatures are required_that is to 

say, two temperatures which can always be reproduced when 
required. These are now invariably taken as the temperature 

atmospheric pressure, and 

atmospheric 

A temperatures are found to be perfectly con¬ 

stant, and will therefore serve as the basis of a scale. 

of a thermometer, therefore, we mark the position 

the liquid in the stem when the thermometer is placed in 
boihng water (at the normal pressure), and also wLn it i^ 

a me^s" 

vo/um,; of fh K temperature, we then divide the 

m^s imo tube between these two 

called a dev "““ber of equal parts, each of which is 

work the r g®"®tally employed in scientihc 

one hnoH ^‘^"“gtade or Celsius, the volume is divided into 

rs marked o'" “h ^"^rees. The freering-point of water 

keepinc to ih ’ boiling-point roo”. In this way. 

scale of temo "f"® thermometric fluid, we ootain a definite 
We ‘®™P'''*‘‘tire which can always be reproduced. 

lows. mathematical form, as 


follows. Let .... be the volume of the-liq^d"aT 7 ro» cf’an^d 


100 


,n - • ^^•V****^^ tllC IIUUICI at 1 

0 he corresponding volume at o® C. ; and let 


be the 
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volume at the temperature / which we wish to determine. 

Then —^^ is the ratio of the expansion for to the 
,^100 ^0 

expansion for too®, and the temperature / is given by the 
equation 



X loo 


It by no means follows that the numerical values for the 
same temperature obtained with one thermometric substance 
will agree with those obtained with another. All thermo¬ 
meters must, by their construction, agree at the two fixed points; 
they will not necessarily agree elsewhere. There is, in fact, 
a difference of nearly half a degree between a mercury 
thermometer and an alcohol thermometer at a temperature 
of 50® C. The scale of the constant volume gas thermometer 
(§ 117) is taken as the standard for scientific work. The scale 
of the mercury thermometer agrees very closely with this at 
ordinary temperatures. This is often expressed in text-books 
by saying that mercury expands uniformly. Any liquid, of 
course, expands uniformly if the temperature is measured in 
terms of its own expansion, and as temperatures are almost 
invariably measured by mercury thermometers, the statement 
in the form in which it is often made is apt to be misleading. 

101 . Comparison of Scales of Temperature.—In addition 
to the Centigrade scale, in which the boiling-point of water is 
taken as loo® and the freezing-point as o®, there is another 
method of dividing up the space between these two fixed marks, 
which is still in common use in this country and is known as 
the Fahrenheit scale. On the Fahrenheit scale the upper fixed 
point is numbered 212^ and the lower 32**, the volume between 
the two graduations being thus divided into 180 equal parts. 
These curious figures are a relic of an early attempt at scale* 
making in which the temperature of the human body was 
taken as the upper fixed point and called 100®, and that of 
a mixture of snow and salt (which at that time was the lowest 
temperature attained) was taken as the lower, and labelled 
o®, on the assumption that it was not possible to get below it. 
Neither of these points is sufficiently constant to serve as a 
fixed point, and the attempt has been abandoned, but unfortu¬ 
nately the figures still survive. 

To convert the readings on the one scale into the other, 
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we note first that a difference of 100“ on the Centigrade scale 
corresponds to a difference of 180" on the Fahrenheit. Thus 

a Fahrenheit degree is only that is to say — of a Centi- 

I oO g 

grade degree. A difference of temperature which would be 
represented by 9“ on the Fahrenheit scale is represented by 
5® on the Centigrade scale. Moreover, the freezing-point of 
ice on the Centigrade scale is represented by o®, while on the 
Fahrenheit it is represented by 32°. Thus a temperature of 
60** Fahrenheit (F.) is 60^ — 32®, that is, 28 Fahrenheit degrees 
above freezing-point. But 28 Fahrenheit degrees are only 

equivalent to -^xaS Centigrade degrees—that is, 15*6 

Centigrade degrees. The required temperature is thus is®*6 
above the freezing-point on the Centigrade scale, which is 
labelled zero—that is to say, it is 15^ 6 Centigrade. Conversely, 

a reading of 20® on the Centigrade scale is 20 x36 

Fahrenheit degrees above freezing-point; the corresponding 
reading on the Fahrenheit scale is therefore 36 + 32, that is, 
68 Fahrenheit, since the freezing-point of water on the 
Fahrenheit scale is 32*. These operations may easily be 
combined in a formula. If C and F are the aaua/ readings 

of the same temperature on the Centigrade and Fahrenheit 
scales respectively, then 

F— 3g _C 

9 5 

A third scale of temperature, known as the Reaumur, is still 
employed in some parts of the Continent. In this scale the 
freezing-point of water is taken as zero, but the boiling-point 

as 80. Each of the Reaumur degrees is thus or ^ that of 

the Centigrade degree. Since the zeros of the two scales are 
fomiula^’ relation between the two scales is given by the 

R C 


where R is the readmg on the Reaumur and C the correspond- 
mg reading on the Centigrade scale. 

102, Experimental Determination of the Fixed Points on a 
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^ermometer.—A newly filled thermometer tube should be left 
for some months before being graduated, as it is found that 
the volume of the bulb changes slowly for some time after the 
process of filling, owing to the contraction of the glass. 

The freezing-point can then be determined as follows. A 
quantity of distilled water is frozen and cut into small shavings 
and placed in a glass beaker, and well shaken up with a small 
quantity of distilled water to ensure that the ice is really melt¬ 
ing and has not been cooled below its melting-point. The 

thermometer is buried in the ice until 
the top of the mercury column is just 
visible above the surface of the ice. 
When the mercury has become station¬ 
ary a scratch is made on the glass at 
the level of the meniscus. This is the 
freezing-point. 

To determine the upper fixed point 
a special apparatus is employed, known 
as an hypsometer. It has been found 
that while a small amount of dissolved 
impurity in the water makes an appre¬ 
ciable difference in the boiling-point, 
the temperature of the steam given off 
is always the same as that of pure 
boiling water. The upper fixed point 
is, therefore, always marked with the 
thermometer immersed not in the 
Fig. 68 . — The Ilypso- water but in the steam. A common 
meter. form of hypsometer is shown in Fig. 

68 . The steam from distilled water 
which is kept boiling in the cylindrical vessel A passes up 
the inner tube B, and down the outer tube C, which sur¬ 
rounds it, issuing into the air by an exit tube near the bottom. 
The inner tube B is thus completely surrounded by a jacket 
of steam, and the steam in B is not cooled below its normal 
temperature, as it would be if the walls of B came into direct 
contact with the cold outer air. The thermometer is passed 
through a cork F until the mercury column when fully ex¬ 
panded is just visible above the top of the cork, care being 
taken to ensure that the bulb is well above the surface of the 
water. When the column has become stationary the level of 
the meniscus is marked with a fine scratch. The barometric 
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height is taken at the same time. A gauge G is sometimes 
fitted to the apparatus so that it may be ascertained that the 
pressure inside the hypsometer is the same as that of the 
outer air. 

If the atmospheric pressure is normal (760 mm.) the scratch 
marks the upper fixed point of the thermometer. If, however, 
the barometer reading is above or below the normal a small 
co^ection has to be applied. It has been found that the 
boiling-point of water for atmospheric pressures near the normal 
increases by i" C. for an increase of pressure of 28 mm. of 
mercury. If the experiment were performed at a pressure 
of 780 mm. the temperature would therefore correspond to 

100 *71 U. j if, on the other hand, the baro¬ 
meter reading was 740 mm., the temperature would be 

that is, 99®'29 C- 

It is obvious that the same experiments can be made with 
a thermometer which has already been graduated in order to 
test the accuracy of the graduations. This test should always 
be applied to thermometers which are to be employed for very 
accurate work. 

The fixed points having been determined, the thermometer 
can then be graduated by dividing the volume of the bore 
between the two marks into the proper number of equal parts, 
i.e.j TOO for a Centigrade and 180 fora Fahrenheit thermo¬ 
meter. If the bore of the tube is known to be uniform this 
may be done by dividing the length between the two marks 
into the proper number of equal lengths. For accurate work, 

however, the tube must be calibrated and the necessary correc¬ 
tions applied. 

fixed point of an alcohol thermometer cannot be 
^termined directly, as alcohol boils at a lower temperature 
than water. Alcohol thermometers are therefore graduated by 
^rect comparison with a standard mercury thermometer, the 

placed side by side in a bath which can be main¬ 
tained at various constant temperatures. Mercury thermo¬ 
meters which are required for very accurate work are similarly 
ompared with a standard thermometer kept at the National 
ysica Laboratory. Sensitive thermometers have their 
grees further subdivided into tenths. The form of thermo¬ 
meter generally used in scientific work is shown in Fig. 69. 
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103. Mazunmn and MiniTmini Thermometers._It is some¬ 

times desired to ascertain the highest or lowest temperature 
reached during a given time. This is done by instruments 
known respectively as maximum and minimum thermometers. 
The maximum thermometer is an ordinary mercury thermo¬ 
meter containing a small steel index in the stem. The in¬ 
strument is set by moving the index down the tube (by means 
of a small magnet) until one end just touches the mercury 
meniscus. When the mercury expands it forces the light 



Fig. 69. —The Mercury Thermometer, 


index in front of it, leaving it behind when it contracts again. 
The end of the index nearest to the mercury thus records 
the highest temperature reached since the instrument was set. 
The minimum thermometer is an alcohol thermometer which 
contains a similar light index within the thread of alcohol. 
This is also set by bringing the end of the index into contact 
with the alcohol meniscus. When the alcohol contracts, the 
surface tension is sufficient to draw the index back with the 
meniscus ; on the other hand, if the alcohol expands it flows 



Fig. and Minimum Thermometers. 








Fig. 70^. —The Clinical Thermometer. 


past the index, leaving it in position. The end of the index 
nearest the meniscus thus records the lowest temperature 
reached. These thermometers are illustrated in Fig. 7042. 

The clinical thermometer is a form of maximum thermo¬ 
meter, in which a narrow constriction is made in the capillary 
tube just above the bulb (Fig. 70^). The mercury is shaken 
into the bulb to begin with, and the thermometer placed in 
position and left until it has attained the temperature of the 
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patient. The mercury in expanding flows through the con¬ 
striction. When, however, the thermometer is removed from 
the patient and begins to cool, the column breaks at the con¬ 
striction, leaving the portion in the tube in position. 

As the temperatures to be measured only range from about 
95® F. to no® F. the thermometer need only be graduated 
between these temperatures, and the stem can thus be made 
quite short. The thermometer is, of course, graduated by 
direct comparison with a standard thermometer. 




CHAPTER II 



THE EXPANSION OF SOLIDS AND LIQUIDS 

104 . liinear Expansion of Solids.—It is well known that 
solids expand when heated. The fact can be illustrated by 
the well-known ball-and-ring experiment. An iron ring is 
mounted on a stand (Fig. 71), and a copper ball is taken of 
such a size that it will just pass through the ring when both 
are cold. The ball is strongly heated in a furnace, and when 

placed again on the ring is found to be too 
large to pass through it, and remains resting 
upon it until its temperature is sufficiently 
reduced. In laying down railway tracks a 
small space is left between the separate 
lengths of rail to allow for the expansion of 
the rails during the hot summer months, and 
similarly iron bridges are mounted upon 
rollers at each end to allow for the change 
in length of the iron framework with changes 
in the atmospheric temperature. The forces 
developed during the expansion of a metal 
are very great, and if this precaution were not 
taken the stone supports of the bridge might 
be wrecked by the pressure of the expanding 
metal. 

It is found that the increase in length of a 
metal bar is proportional to the increase in 
temperature—that is to say, if a given rod 
increases in length by one-tenth of a millimetre for a rise in 
temperature of 10®, it will increase two-tenths of a millimetre 
for a rise of 20®, and so on. The increase in length is also 
proportional to the length of the bar. If the length of the 
bar is doubled, the actual expansion for a given rise of tem¬ 
perature will be twice as great. The expansion also depends 
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Fig. 71. — Ball- 
and-Ring Ex¬ 
periment. 



THE EXPANSION OF SOLIDS AND LIQUIDS 157 

on the substance of which the bar is made. Each substance 
has thus its own coefficient of expansion. 

The coefficient of linear expansion of a solid is the increase in 
len^h produced in a rod of unit length by a rise in temperature 

Since the Fahrenheit degree is only ^ of the Centigrade 

degree, the coefficient of expansion measured on the Fahrenheit 

scale will be ^ that measured on the Centigrade scale. In 

scientific work the Centigrade scale is always understood 

If the coefficient of linear expansion is known, the length 

of a given rod at any temperature can be calculated. Thus 

Jf 4 »s the length of the rod at C., and a its coefficient of 

linear expansion, the length at 1° C. wiU be /o + V; and at 

f be /*+ 104a. Thus, in general, if 4 is the length 

of the bar at a temperature /, we have 

4=4(i + ar) 

Since the expansion of all known solids is very small we 

can, without any appreciable loss of accuracy, write*the 
actuation in the form 


where and 4 ^ are the lengths of the rod at the two tem¬ 
peratures /j and 4 respectively. 

105 . Measurement of tie Coefficient of Expansion_Since 

'^ery small (a brass rod i metre in 
ength expands by rather less than 2 mm. for a rise in tem- 
perature of too ), the problem resolves itself into the measure- 

' tncrease in length in a comparatively long 
m various forms of elementary apparatus on 

conv^-fi"^*; the expansion of a solid; a very 

Tose coeffi f A tube A of the tnet 7 l 

side tnh expansion is required is taken, having 

posit on supported in an upright 

firmlv O while the lower end rests 

glass shelf ® 

middle lefT f ^ hole in the middle through which the 

“f the tubl at“th '^Phetometer can pass.^^ The length 

an ordi'rto ^ temperature of the room is measured with 

an ordinary metre scale (it may conveniently be about i metre 
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in length), and the tube is placed in position. Water is then 
passed through the tube, the spherometer is turned until the 
middle leg just touches the upper end of the tube, and the 
reading taken. At the same time the temperature of the 
water 6owing through the tube is taken, say, 15® C. This is 
the temperature of the tube. The spherometer is screwed 
upwards to allow room for the tube to expand, and steam is 



Fig. 72. —Apparatus for 
measuring the Co> 
efficient of Expansion of 
a Metal. 


passed through the tube for some 
time until the temperature becomes 
constant. The tube is now at the 
temperature of boiling water, that is, 
100® C., if the atmospheric pressure 
is normal. The leg of the sphero¬ 
meter is again screwed down until 
it just touches the tube. The differ¬ 
ence between this reading and the 
previous one measures the amount 
by which the tube has expanded for 
a rise in temperature equal to the 
difference between the cold water and 
the steam. Suppose the expansion 
is 1*55 mm., and that the length of 
the tube when cold is 100 cms., we 
have 100 cms. of metal expand by 
0*155 when heated through a 

difference of temperature of 85® C. 
Hence i cm., heated through i® C., 


will expand by ^ 55 — that is, 

85 X 100 * 

0*000018 cm. The coefficient of ex¬ 


will expand by 


pansion is therefore o*ooooi8 per ®C. 


TABLE OF LINEAR EXPANSION OF SOME COMMON SOLIDS 


Quartz-glass 
Glass 
Platinum 
Iron • 

Copper • 
Brass « 
Zinc • 


0*000002 

0*0000083 

0*0000089 

0*0000X2 

0*000017 

0*000019 

0*000030 


The expansion of quartz-glass is exceedingly small. In 
fact, it is so small as to be quite negligible for most purposes. 
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is pften useful experimentally. The expan- 
«on of platinum is very nearly the same as that of glass. 
This coincidence renders it possible to seal a platinum wire 
directly into a glass tube. If the same experiment is made 
with copper wire as soon as the joint is allowed to cool the 
copper contracts more than the glass, and the strains which 
iAr* "i? ‘=°"®®q“ence are sufficient to crack the joint. 

nenH ; Pendultuna—The time of swing of a 

pendulum depends on its length; the longer the pendulum 

® f 57 )- Thus in the case of a 

clock which IS regulated by a pendu¬ 
lum, if the length of the pendulum 
becomes greater the clock wiU lose. 

Clocks have a tendency to lose in 
summer and gain in winter. Various 
devices have been employed to over¬ 
come this difficulty. They are known 
as compensated pendulums. A very 
simple form is shown in the left-hand 
drawing of Fig. 73. The bar of the 
pendulum is made of wood, the bob 
being a stout cylinder of zinc, which 
IS fastened to the wooden rod at the 
lower extremity only. If the tem¬ 
perature rises the wood expands, thus 
lowering the point of support of the 
zinc cylinder. At the same time, 
however, the Utter also expands^ 
m an u^ard direction, since it is 

“'ore 

expansible than wood, it is possible 

distatT between‘i^he 'cef 

bob and its Doint^ Of ^ gravity of the pendulum 

will thus be "IXendent^’of tf ^ 

common form ^ temperature* Another very 

a sTeTl cylinder TontTnln”" 
as in the right-hand drawffig^ on'pig 7'^^ 

the downw^^rZv™ 

porting rod. ° expansion of the sup- 

Harrison’s gridiron pendulum is another interesting example. 



73 ’ Compensated 
l^endulums. 
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It will be noted that the coefficient of expansion of brass is 
roughly ^ times that of iron. Now suppose AB (Fig. 74(7) is 
a bar of iron and BC a bar of brass riveted together at B, 

then if AB is -§• times as long 



Fig. 74 * —The Gridiron Pendulum. 


as BC it is evident that each 
bar will expand by the same 
amount when the temperature 
rises. The distance AC will 
thus remain unaltered. It 
would be inconvenient in prac¬ 
tice to place the pendulum bob 
at C. The pendulum is there¬ 
fore made in the form shown 
on the right hand in Fig. 74, 
where the black lines represent ? 
the brass bars and the lighter , 
ones the iron. The 
of each of the brass barf tends 
to raise the bob, that of the 
iron ones to lower it. The 
lengths are so adjusted that the 
bob remains stationary. 

Except in the case of stand¬ 
ard clocks, where the utmost 


accuracy is required, it is generally sufficient to make the 
pendulum rod of nickel steel containing 36 per cent, of nickel, 
the linear expansion of which 
(about -i^th that of platinum) is 
so small as to be almost negligible. 

The balance wheel of a watch 
may also be compensated. If 
the temperature rises the balance 
wheel expands, and the spring 
also becomes weaker. These 
effects make the watch go slower. 

To overcome them the rim may 
be made in three portions, each 
of which is loaded at its free end 
(see Fig. 75). Each of these 

portions is made of two metals such as iron and brass, the more 
expansible metal being on the outside. When the temperature 
rises the brass expands more than the \ron, and as a result the 



Fig. 75 .—Compensated Balance 

Wheel. 
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strip bends inwards, carrying the loaded end nearer to the axis 
of the wheel, which has the effect of making the wheel oscillate 
more qmckly. The effects can be adjusted so as to compensate 

exactly, and keep the time of oscillation constant. 

107 . The Cubical Expansion of Solids -Consider a solid 

cube, each side of which is i cm. long at a temperature of 
o C. Its volume ^11 thus be i c.c. If the temperature is 
raised each side will increase in length, until at C. it 
will measure (i-f-a/) cms. The volume of the cube will now 
, y + increase in volume will therefore be 

that IS, + Now since a is always 

very small the terms involving and cfi will be so much 
smaller still that we may neglect them. The unit cube has 
therefore increased in volume by an amount equal to -xat 
where a is the coefficient of linear expansion. ’ 

TAe coefficient of cubical expansion of a substance ss the amount 

by which unit volume increases in volume for a rise of 
imperature of one degree, 

Since our unit cube increased in volume by %a.l for a rise 
in temperature of it will increase by 3a for a rise of jO. 

The coefficient of cubical expansion of a solid is thus equal to 
three times its coefficient of linear expansion. 

Since thej^be expands as a whole, it is evident that each of 

L?a tow area at a high temperature than 

at a low We can define the coefficient of superficial expan¬ 
sion as the increase in area of unit area for a rise in tempera¬ 
ture of one degree. By reasoning similar to that we have just 
performed, it can be shown that the coefficient of superficial 

G"ubiotl“p coefficient of linear expLsion. 

108 . Cubical Expansion and Change in Density.—Since 

while f is not changed by rise in temperature 

of tL s,.r .s increased, it is obvious that the density 
of the substarice diminishes with rise in temperature. iJt 

mLs . substance at o° C., and M its 

r “t 0“ and /o respectively, while ^ is 

the coefficient of cubical expansion. Then 

« _ M 

" V,,' V, 

‘=Xoll+£0_, , 


II 
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Thus, if we know the density of a given substance at two 
different temperatures, we can calculate its coefficient of 
cubical expansion. Conversely, if the latter is known we 
can calculate the density at any given temperature if that at 
some one temperature is known. This relation between the 
coefficient of cubical expansion and the change in density is 
important It obviously applies to liquids as well as to solids. 
109 , The Expansion of Liquids.—Since liquids do not 

possess any definite shape, the only 
kind of expansion with which we - 
can deal is the cubical or volume 
expansion. We have seen (§ 97) 
that liquids expand when heated, 
but we have since learned that solids 
also expand. Hence the expansion 
which we observed in that case was 
not the true expansion of the liquid, 
but the difference between the ex¬ 
pansion of the liquid and that of 
the vessel which contained it. This 
is known as the apparent expansion 
of the liquid. 

^he coe^jcient oy absolute expansioH 
0/ a ligutd is the increase in volume 
tcnit volume yor a rise in tempera- 
ture oy one degree. 

T'he coe^icient oy apparent expan^ 
Sion is the apparent increase in volume 

Fig. 76—Determination of volumePor unit rise in tern- 

the Coefficient of Absolute P^raiure when the liquid is contained 
Expansion of a Liquid. in a vessel op a given material. 

The former depends only on the 
liquid; the latter is obviously dependent not only on the 
liquid but also on the substance from which the containing 
vessel is made. 

110 . Determination of the Coefficient of Absolute Ex¬ 
pansion.—Since a liquid must always be contained in some 
vessel it might at first sight be thought impossible to deter¬ 
mine directly its coefficient of absolute expansion. We can, 
however, overcome the difficulty by making use of the relation 
between the coefficient of expansion and the change in density. 

We cannot use the density bottle for the experiment, since the 


B 
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bottle itself expands when heated, and would thus contain a 
rather larger volume at 100 C. than at o® C. Th^ 

this^d 75). however, does not suffer from 

nhef w independent of the size of th^ 

tubes. We niay therefore modify it so as to give us the 
coefficient of absolute expansion of a liquid. 

A very simple form of apparatus is shown in Fie 76 It 
consists of two glass tubes AC and BC, which are^ioined 

thfse^^ P .‘’y “ nf narrow capillary tubing. fiLh o^ 

these tubes IS jacketed by a wider glass tube, as shown in the 

ti. 1!*'’“''*;. whose coefficient is required, is poured 

The !^h r in each tube 

The tube BC is then surrounded with melting ice. while steam 

js blown through the jacket surrounding tL tube AC A 

difference of temperature is thus established betwfen the 

.quid in the ^o limbs, and since the density of the hot 

liquid IS less than that of the cold the liquid wHI be seen to 

^nd at a higher level in the hot limb^ than in the cold 

When the columns have become stationary each column U 

m^sured. Let them be and respectively? 

r, ^ the two columns are connected at C the pressure 

produced by each of them must be the same. If p ^ is the 

fheTefoV' cold^^e'hlv: 

Vo = ■^loof 100 ; 

^100 "0 

Pioo~ ^ ^ + 100/3 if the difference in temp, is roo* 




=s "^100 ^0 

100.^0 

t?e?:fme“lve^‘ufdTr?cdv"*the ‘^e tubes. I, 

In this simpVe form fhe e oi absolute expansion, 

as the difference (/& ~-h\ accurate, 

mined with very riucl accLcJ Th.'sdrffi’ ?r"°* 
be overcome by a suitable re^* ^^^iculty can, however, 

sTo^n 

pHnciple was the same as tha^ orlhe^'l^rarnymt'? 
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have described. The coefficient of absolute expansion of 
mercury is 0*000182 per ®C. 

111. Measurement of the Helative Expansion of Itiqoids.— 
Accurate experiments, such as those of Regnault on the 
absolute expansion of mercury, require elaborate apparatus 
and much time. It is a much simpler matter to determine 
the expansion of a liquid relative to some containing vessel* 
If the expansion of the latter is known, the absolute expansion 
of the liquid can then be calculated. 

The experiment can easily be performed with an ordinary 
specific-gravity bottle. The bottle is filled with the liquid 
under experiment, and placed in a beaker of water at the 
temperature of the room, and after it has stood sufficiently 
long for the liquid to have acquired the temperature of the 
bath, the temperature of the latter is taken, and the stopper 
inserted. The liquid which is expelled through the stopper 
is wiped off, the bottle dried with a duster, and carefully 
weighed on a sensitive balance. The specific-gravity bottle 
is then suspended in a beaker of boiling water, where it is 
allowed to remain for ten minutes, until it has reached the 
temperature of the bath, which is taken with a thermometer. 

It is then again dried, and when sufficiently cooled reweighed. 
Since the hot liquid occupies a greater volume than the cold, 
some will have been expelled through the hole in the stopper. 
The second weighing will, therefore, be smaller than the 
first. 

The results may be calculated as follows. Let T be the 
difference in temperature between the hot and the cold bath, 
Wj the weight of the liquid filling the bottle when cold (that 
is, the difference between the first weighing and the weight of 
the empty bottle), and Wg the weight of liquid which filled 
the bottle when in the hot bath. Then, if and are the 
densities of the liquid when cold and hot respectively, we 
have 



Vj and Vg being the internal volume of the bottle when cold 
and when hot. 

To obtain the coefficient of relative expansion of the liquid 
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we neglect the expansion of the containing vessel, and suppose 
thatVj=Vj. We have then 




vv. 


W. 


F2 

But = 

I +/3'T==^=^ 

... 

^ V W^T 

where /3' is the coefficient of relative expansion of the liquid 
in glass. ^ 

The coefficient of relative expansion is thus equal to the 
loss in weight of the bottle during heating, divided by the pro¬ 
duct of the nse in temperature into the weight of the liquid 
remaining in the bottle after heating. 

To obtain the coefficient of absolute expansion it is 
necess^ to allow for the expansion of the vessel. Let y be 
Its coefficient of cubical expansion, and ^ the coefficient of 
absolute expansion of the liquid. Then 






w *v, vv. 


Fz ”2 '1 ”« 

VV 

= ^(-+7T) 

But + (3t) 

... 


Vi(i+ yT) 

V- 


w. 




vv;-w 

^ WgT ^ ^ 


VVgT 


we may write this equation 


is the coefficient of relative expansion, so that 




In general the ratio ^ does not differ very much from 
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therefore, make any great error in our final result if we put 
the ratio ^ equal to unity. We then have 

That is to say, the coefficient of absolute expansion of a liquid is 
approximately equal to the coeffiicieni of apparent expansion Plus 

the coefficient of cubical ex¬ 
pansion of the material of 
the containing vessel* 

Thus, if the coefficient of 
cubical expansion of the 
glass of our specific-gravity 
bottle is known we can 
deduce the coefficient of 
absolute expansion of the 
liquid from these equations. 

The experiments we have 
described are often carried 
out with a special instrument 
known as a weight thermo^ 
meter. This consists (Fig. 

77) of a glass tube sealed at one end, the other 
end being drawn out to a fine capillary tube. The 
weight thermometer is filled by alternate heating 
and cooling, with the end of the capillary beneath 

the surface of the liquid to be used_a process 

requiring some little skill. When all the air has Fig. 78. — 



Fig. 77.—The Weight 
Thermometer. 



The Ex- 
pansion of 
Water. 


been expelled, the thermometer is placed in a 
water bath with its end still under the surface of 
the liquid, until its contents have assumed the 
temperature of the bath. The experiment then proceeds 
exactly as described in the case of the gravity bottle. The 
calculation is the same for both cases. 

112 . The Expansion of water.—The behaviour of water is 
peculiar. It can be studied with the apparatus shown in 
Fig. 78. A glass bulb A is sealed on the end of a long 
capillary tube B of uniform bore. A volume of mercury, 
equal to one-seventh of the volume of the bulb, is then intro¬ 
duced. When the bulb is heated, its volume increases, but 
the volume of the mercury also increases, and therefore 
occupies more of the free space in the bulb. Since the 



THE EXPANSION OF SOLIDS AND LIQUIDS 167 

cubical expansion of mercury is approximately seven times 
that of glass, the expansion of the mercury wiU thus exactly 
counterbalance that of the bulb. If water is now introduced 
so as to fill the space above the mercury and several centi¬ 
metres of the stem, any change in the level of the liquid in 
the stem must be due entirely to the change in volume of the 

water. A scale attached to B enables the successive water 
levels to be recorded. 

If now the bulb is placed in ice-cold water at o® C. and the 
temperature gradually raised, it will be found that the level of 



luv fallfa expected, actu- 

aUy falls a Uttle and continues to do so until a temperature of 

tracte ® 4'’ C. water con- 

Betw.. .K *" ‘'’e temperature rises. 

ZlZ/Z temperatures its coefficient of expansion is 

ris^sffiwW ft continued the level of the water begins to 

of efnans^on f afterwards more rapidly, the coefficient 

can temperature rises. A curve 

voffime fuch ^ u ‘^tfP^tature of the water and its 

VO ufe'oflate ‘'T® 79 - If know the 

o ume of water in the apparatus, and the area of cross-section 
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of the stem, the experiment can be made quantitative and the 
coefficient of expansion between any two given temperatures 
can be calculated. Let V be the volume of the water up to 
the zero on the scale, and a the cross-sectional area of the 
stem, Lj and Lg the readings on the scale corresponding to 
the two temperatures /^ and Then /3 the mea» coefficient 

of expansion of the water between these two temperatures 
is given by 





As a given mass of water reaches its minimum volume at 
4® C. it follows that its density at that temperature reaches 

a maximum. The temperature of 
maximum density of water also 
be determined directly by a well- 
known experiment due to Hope. 
Hope*s apparatus is shown in Fig. 
8o. The tall glass cylinder A is 
filled with water, and two thermo¬ 
meters C and D are introduced 
through the sides, the one near 
the top, the other near the bottom 
of the water column. The cylinder 
A is surrounded at its middle 
point by a wide tray B, which is 
packed with a freezing mixture of 
ice and salt. The water at this 
point is therefore cooled. 

As long as the density of the water is increased by cooling 
the cool liquid will sink to the bottom, thus lowering the 
temperature of the lower thermometer D. When, however, 
the temperature of maximum density is passed, the cooler 
liquid will be lighter than the warmer, and will, therefore, rise 
to the surface. The temperature of the upper thermometer 
will then begin to fall, while that of the lower one remains 
stationary, at the temperature of maximum density. This is 
found to be 4® C. If the experiment is continued sufficiently 
long, the upper part of the water will freeze, but the lower 
thermometer will continue to register 4® C, 

This fact has important results in nature, and explains why 
ponds and rivers freeze from the surface downwards. When 



Fig. 80.—Hope’s experiment, 
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the whole of the water in the pond has been cooled to 4® C. 
the further cooling of the upper layers renders them lighter 
than the lower, and they continue to float upon them. The 
surface is thus reduced to zero temperature and freezes, while 
the lower layers are still at the temperature of maximum 
density. As ice is a bad conductor of heat, freezing pro¬ 
gresses very slowly beneath it, and a very prolonged frost is 
necessary before the lo«ver layers of the water become affected. 


1. The platinum metre standard is deflned as being correct 
at o® C. What will its length be at 30® C. ? 

2. Assuming that the maximum summer temperature is 
35® C. and the minimum winter temperature —15® C., what 
allowance must be made for the expansion of one of the 1700 
feet steel spans of the Forth Bridge ? (Coefficient of linear 
expansion of steel== o*ooooi 2.) 

3. The density of copper at o® C. is 8*90, and its coeffi¬ 
cient of linear expansion is o*ooooi8. What is the density 
at zoo® C. ? 

4. What must be the lengths at o® C. of rods of wood and 
copper respectively in order that the difference between their 
lengths may be exactly 20 cms. at all temperatures? (Co¬ 
efficient of linear expansion of wood and copper are respec¬ 
tively o*ooooo6 and 0*000018.) 

5. The density of mercury at o® C. is 13*60, and at 100® C. 
it is 13*35. Calculate the coefficient of absolute expansion of 
mercury. 

6. In an experiment with a weight thermometer the follow¬ 
ing results were obtained. Weight of liquid filling thermo¬ 
meter at o® C. = 67 grams; weight of liquid after heating to 
100 C. s=66 grams. What is the coefficient of apparent ex¬ 
pansion of the liquid ? What is its coefficient of absolute 
expansion, assuming the coefficient of linear expansion of the 
glass to be 0*000009 ^ 



CHAPTER III 

THE EXPANSION OF GASES 


113. Expansion of Gases at Constant Pressure.—We have 
seen (§ 87) that the volume of a given mass of gas depends 
upon the pressure to which it is subjected. We must, 
therefore, specify our pressure conditions before we can in¬ 
vestigate the effect of temperature upon the volume of a gas. 
There are two cases of importance. In the first we arrange 
to keep the pressure of the gas constant while varying the 



Fio. 81. —Expansion of a Gas at Constant Pressure. 

Constant Pressure Air Thermometer. 

temperature. In this way we observe the expansion of the 
gas at constant pressure. We may, however, keep the volume 
of the gas constant by keeping it in a closed space, and still 
vary the temperature. If the gas is thus prevented from 
expanding it is found that the pressure increases as the 
temperature rises. We shall consider each of these cases in 
turn. 

Gases maintained at constant pressure expand much more 
than liquids, the coefficient of expansion of air being roughly 
twenty times that of mercury. The expansion of a gas at 
constant pressure may be investigated with the simple 
apparatus shown in Fig. 81. It consists of a piece of capillary 
tubing of uniform bore, about 20 cms. long, and sealed atone 
end, A thread of mercury is introduced into the tube so as 
to rest about half-way along it at the temperature of the 
laboratory. A definite mass of gas is thus enclosed in the 
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tube between the sealed end and the mercury thread, at a 
pressure which, if the tube is kept horizontal, will be that of 
the atmosphere. The tube is inserted through a cork into a 
metal trough. 

The trough is filled with melting ice, and the position 
reached by the mercury meniscus nearest the closed end is 
marked. The ice is then replaced by boiling water, and 
when the gas has ceased to expand the position of the 
meniscus is again marked. The pressure of the gas through¬ 
out is that of the atmosphere, and is therefore constant. 

The volume of the tube between the two marks is the 
amount by which the gas has expanded for the difference in 
temperature between the boiling- and freezing-points of water. 
The original volume of the gas at o® C. is the volume of the 
tube between the first mark and the sealed end. If the tube 
is of uniform bore these volumes are proportional to the 
corresponding lengths of the tube. It is found that for a rise 
in temperature from o® C. to loo* C. the gas increases in 

volume by of its volume at o® C. If the experiments 

described had been made with the tube filled with hydrogen, 
nitrogen, or any other of the so-called permanent gases, the 
results obtained would have been numerically the same. 
Thus all the permanent gases expand by the same fraction 
of their volume at o* C. if heated through the same interval 
of temperature. This is known as Gay Lussac’s law. 

If we divide the volume between the o® mark and the 
100* mark on the tube used in our experiment into 100 
equal parts, the distance between each of these marks will 
corre.ipond to a rise in temperature of i® on the constant 
pressure air scale, in the same way that a similar distance on 
the mercury thermometer measures a rise in temperature of 
1* on the mercury scale. Since the total volume between 

the o® mark and the loo® mark is of the volume of the 
o *73 

gas at o , each division represents 1/273 volume of 

the gas at o® C. Moreover, this is obviously the increase in 
volume of the gas for a rise in temperature of i® as measured 
on the scale of the constant pressure air thermometer, and 
as by Gay Lussac’s law all gases expand at the same rate 
the result will be the same, whatever gas is used for the 
experiment. Thus we may state that— 

The volume of a given mass of gas, kept at constant pressure. 
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increases a definite fraction (approximately of its 

volume at o C.for each degree rise in temperature^ this fraction 
oezng the same for all gases. This is known as Charles’s law. 

Stnctly speaking, the law is only exact when the 
temperature IS meas^ed on the scale of a gas thermometer. 
It IS found by expenment, however, that the scale of the gas 
thermometer agrees very closely with that of a well-made 
mercury thermometer. As the gas thermometer is now the 
st^dard instrument for m^uring temperatures in accurate 
scientific work, this result is sometimes expressed by saying 
that mercury expands evenly. Charles’s law is, therefore, 
almost exactly true even if a mercury thermometer is used for 
measuring the temperatures. 

^hc ratio oj the increase in volume of a given mass of gas Jor 
^jdse in temperature of one degree to the volume of the gas at 
o C., the pressure remaining constant, is called the coefficient oj 
expansion of the gas at constant pressure. 

Thus if Vj and are the volumes of the same mass of gas 
at temperatures of f C. and o" C. respectively, 

. . ^ ^ .V, = V,(x+«/) 

where a is the coefficient expansion of the gas at constant 
pressure. The value of a is very nearly 1/273, or 0 00367, 
for afl permanent gases. 

It is most important to note that since gases are very 
expansible the approximate formula, = V,(i+arT —/I) 
which we used for solids and liquids is no longer even 

a A ^ on no account be used for 

calculations on gases. A mass of gas which at o® C. occupied 

273 C.C. will at 100® C. occupy 373 c.c. Now it will increase 
in volume by exactly the same amount for the rise in 
temperature from loo® to loi® as for the rise from o® to i", 
that is to say^ by i c.c. But whereas i c.c. is 1/273 of the 
volume^ at o C. it is only 1/373 of the volume of the gas 
at 100® C. Thus if we wish to calculate the volume at T® 
of a mass of gas of which the volume at some other temperature 
/® is known, we must calculate the volume of the gas at o® C. 
before applying the formula. The two operations can, of 
course, be combined in a single equation. Let V,. and Vj be 
the volumes of the same mass of gas at T® and /® respectively. 


Then 




V_Yi 

^0 — . • 


V, = V^(i+aT) = V; 


+ ar 


® t-i-at 
T)_ „,(273 + T) 

n __ . 


273 + ^ 


V 
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114 . Absolute Zero, and the Absolute Scale of Temperature. 
—Returning to our air thermometer, we can continue the equal 
divisions belowthe freezing-point mark down to the closed end of 
the tube. Since each of these divisions is 1/2 73 of the volume of 
the gas at 0“ C., there will evidently be 273 of these divisions 
between the freezing-point mark and the closed end of the tube. 

Calling the freezing-point mark 0° C. the boiling-point will 
be 100, since we have made 100 divisions on the scale between 
the two marks. But the scale has also been graduated below 
the zero mark. The first of these divisions from the zero 
will rep^resent a temperature of 1“ below zero—that is, it will 

next —2% and so on. Since there are 273 
of these divisions below the zero the end of the tube will be 
— 273® below the freezing-point of water, and here the scale 
stops abruptly. At this temperature if the gas retained its 
properties its volume would be zero. It is evident, therefore, 
that the gas scale can go no further. The temperature 
■”2 73 C. is therefore known as the absolute zero of the gas 
scale, or often merely as the absolute zero. 

It does not follow that a temperature below the absolute 
zero IS impossible. All known gases liquefy before that tempera- 
ure IS reached helium, which is tlie most permanent of them 
all, condensing at a temperature 4® above the absolute zero at 
atrnospheric pressure. We have, however, the strongest theo¬ 
retical grounds for believing that the absolute zero of tempera¬ 
ture of the gas scale is indeed the lowest which can exist, and 
that substances at that temperature would contain no heat at all 

temperature —2 73'“ is the lowest that can be 
registered on the gas scale, it is reasonable, and very con- 

renumber our scale, calling the absolute zero 

and altering the^ others accordingly. Since the freezing-point 

of water IS 273 above the absolute zero, it will thus become 

i'q^k a - scale, while the boiling-point of water, which 

meth 373". and so on. This 

method of numbering the degrees starting from the absolute 

IS called the absolute scale of temperatures, and 
measured on this scale are called absolute 
evident that to convert the ordinary 
, j ® temperatures into absolute temperatures we must 

Centigrade reading. Thus if ^ is the absolute 
temperature corresponding to C. we have 

^=/+273 
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Turning to the equation at the end of § 113 we see now that 

the numerator of the fraction is the absolute tempera- 

ture of the hot gas, while the denominator is the absolute 
temperature of the gas when cool. Thus we have 



273+' ‘^1 


where and are the temperatures of the gas measured 

on the absolute scale. Hence_ 

The volume of a given mass of 
gas at constant pressure is directly 
proportional to its temperature 
measured on the absolute scale. 

D 115. Increase in Pressure of a 
Gas at Constant Volume.—To 
study the change in pressure pro¬ 
duced by change in temperature 
in a mass of gas maintained at 
constant volume, we may use the 
apparatus shown in Fig. 82, due to 
Jolly. It will be seen that the 
apparatus is similar to that used 
for the experiments on Boyle’s law 
(§ 87), with the exception that a 
fair-sized glass bulb A takes the 
place of the straight closed tube. 

Fic. 8*— Constant Volume ^ O" » P’^ce 

Air Thermometer. of Capillary glass tubing B, which 

is bent twice at right angles so 

that the bulb can be conveniently immersed in a heating 

bath. The capillary B is joined by a long piece of rubber 

pressure tubing to a straight glass tube D, which is supported 

on a slide, so that it can be raised or lowered as required. 

Mercury is poured into the tube D, and adjusted so as to 

stand at a convenient level in the two tubes. 



Immerse the bulb in melting ice, and adjust the tube D 
until the mercury in the tube B stands at a level M which is 
marked by an arrow on the stand. As we wish to investigate 
the effect of change of temperature on a gas at constant 
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volume the mercury in the tube B must be maintained at 
this level throughout the experiment. 

When the tnercury levels have become stationary the 
difference in height of the two mercury columns is read off 
on the scale. Let it be and let P be the height of the 
barometer at the time. If the mercury in B is higher than 
that in D, the pressure of the enclosed gas is P —p^ ; if it is 
below that in D, then the pressure of the gas is P+^ 1 . The 
ice in the bath is replaced by boiling water, the mercury in 
B brought back to the arrow by raising D, and the difference 
again read. Let it be^^^^. The pressure of the gas is now 

coep^^ent of increase of pressure of a gas at constant 
volume IS the ratio of the increase in pressure produced by a rise 
in temperature of one degree to the pressure of the gas at o" C, 
This coefficient is often called the coefficient ofli^pansion 
of a gas at constant volume. This expresslifci is ^ 9 i.happy 
one, ^ the gas, being kept at constant volume, does not 
expand. It is, however, convenient, and is often used. 

^ In the experiment described the pressure of the gas has 
increased by (P+Aoo) - (P+A). that is, by (/,00-A). for an 
mcrease in temperature of loo®. The pressure coefficient is 
therefore given by 

= ^10 0 A 

I oo(P +/>„) 

116 . Relation between the Two Coefficients._ If the ex 

penment is ^refully made with air or any of the permanent 
gases It will be found that the coefficient of increase of 

1 constant volume is the same as the 

coefficient of expansion of the gas at constant pressure, that is 

to say, 

result can easily be proved theoretically. 
Consider a volume of gas occupying a volume and having a 

constant pressure to a 
temperature / . Its volume will then be v=Vo(i+a.i), and 

s pressure />„. Let the gas be compressed while still at the 

value'^r volume has been reduced to the original 

t “■ operation is governed by Boyle’s law fS 87) 

nd hence the final pressure will be given by the equation 


a 
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But the result of these two operations is the same as if the 
volume of the gas had been kept constant while the tempera¬ 
ture was raised to /. Thus— 


P V , 

=—= i+a/ 


V. 


Po 

P=Pfi{^+OCt) 


The two coefficients must therefore have the same value for 
any gas which obeys Boyle’s law. It follows, therefore, that 
just as the volume of a gas at constant pressure is pro¬ 
portional to the absolute temperature, so the pressure of a 
given mass of gas kept at constant volume is directly pro¬ 
portional to its absolute temperature. 

116*. Combination of Boyle’s and Charles's Laws._We 

can easily combine the two gas laws into a single equation. 
We have just seen that if the volume of a given mass of gas 
remains constant^/;>(,=^/^g, where 0 and 0^ are the tempera¬ 
tures on the absolute scale. If tjq is the volume of the gas, we 
can write thus— 

PfH^O ^0 

or -^0 

0 Oq 

which, by Boyle’s law is, for a given mass of gas, a constant 
which we can call R. Thus J>Vq = 'R0. But by Boyle’s law 
the left-hand side of the equation is constant so long as the 
temperature 0 is unchanged. Hence if v is the volume of a 
given mass of gas, p its pressure, and 0 its absolute tempera¬ 
ture, we have 

* pv^'R.0 

where R is a constant which is proportional to the mass of the 
gas. This relation is known as the gas equation. 

Since R is proportional to the mass m of the gas, we can 
write the equation in the form pv = mVi^0^ where Rj is now a 
constant which is independent of the mass of gas we are 
considering. But m/v is the density of the gas, p. Hence 

P 

This form of the gas relation is useful when we are dealing 
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with problems in which the mass of the gas changes during 
the experiment. 

117 . Gas Thermometers.—Jolly’s apparatus can be em¬ 
ployed to measure temperatures, and may thus be regarded as 
a form of constant Tolmne air thermometer, and is the form 
of gas thermometer most often used in elementary laboratories. 
Since the levels of the mercury depend on the atmospheric 
pressure which will vary from day to day, the instrument 
cannot be furnished with a fixed scale of temperature. To 
measure temperature with it let p^^^, and p^ be the differ¬ 
ences in level of the two columns when the bulb is immersed 
in melting ice, boiling water, and a bath at the temperature 
/, which it is desired to measure. The difference must be 
reckoned as positive if the column in D is higher than the 
column in B, and negative if the column in B stands higher 
than that in D. Then if P is the atmospheric pressure, the 
^tual pressures of the gas at o*, 100®, and f are respectively 
^ +/100’ we have 


P+A=(P-l-A)(H-«0 

(P 4 -^o)a 

But a = . 

(P+A)*o^ 


^100 A 

It will be seen that the final result is independent of the 
atmosphenc pressure* 

If the glass bulb is replaced by one of porcelain the ther¬ 
mometer can be used for measuring temperatures far above 
the boihng-point of mercury, in fact up to any temperature 
which porcelain will stand without melting. It can also be 
used for temperatures far below the freezing-point of alcohol. 
Using helium instead of air the thermometer can in fact be 
used down to a temperature of —267° C., or 4® aliove the 
absolute zero. The gas thermometer has therefore an 
enormous range, and is the standard instrument for measuring 
very high or very low temperatures. A constant volume 
instrument, similar in principle to the one of Jolly already 
ed, is generally employed. Constant pressure gas 
thermometers have been constructed on the principle of § 113, 

but they are in practice neither so convenient nor so accurate 

22 


178 


MANUAL OF PHYSICS 

as the constant volume thermometers. The capiUary tube 
with mercury index used in § 113 is a very simple type of 
constant pressure gas thermometer. 

It may be noticed that both in the experiments at constant 
pressure and those at constant volume we have neglected the 
expansion of the vessel containing the gas. Correction for 
this expansion can of course be made, just as in the case of 
liquids, but it is so smaU as to be practicaUy neghgible. The 
coefficient of expansion of air is more than 100 times greater 
than the coefficient of cubical expansion of glass, so that the 
error in neglecting the latter amoimts to less than 1 per cent. 

Since gases are very expansible they are often used to detect 

very small changes in temperature. Thus, if a large bulb 

is blown on the end of a piece of capillary tubing, and a small 

thread of mercury or, better, of sulphuric acid introduced into 

the capillary to serve as an index, a very slight change in the 

temperature will produce a very appreciable movement in 

the index. The apparatus thus serves as a very sensitive 
thermoscope. 

Another form of instrument, used for detecting small differ¬ 
ences in temperature, consists of two equal glass bulbs 
connected to the two limbs of a U-tube containing sulphuric 
acid, and serving as a pressure gauge. If one of the bulbs 
has its temperature slightly increased, the pressure of the gas 
in that bulb increases and forces down the liquid in the 
corresponding limb of the U-tube. This instrument, which is 
shown in use in Fig. 112 (page 232), is known as the differ¬ 
ential air thermometer, or, better, as the differential air thermo- 
scope, since it is generally only used to detect, and not to 
measure, differences in temperature. 


1. A mass of gas occupies a volume of 250 c.c. at a 
temperature of 1 7® C. What will be its volume at 50* C., the 
pressure remaining constant ? 

2. A quantity of air is securely enclosed in a vessel at 
atmospheric pressure at a temperature of 12® C. What 
pressure will it exert if the vessel is heated to 300® C. ? 

3. A dask containing air at atmospheric pressure is securely 
corked when the temperature is 17* C. If the flask is capable 
of withstanding a pressure of 3 atmospheres, to what tempera¬ 
ture can it be raised before it bursts ? 
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4. A mass of oxygen occupies a volxime of 350 c.c. at a 
temperature of 15® C., and a pressure of 730 mm. of mercury. 
Calculate its volume at normal atmospheric pressure and 
temperature {i,e. 0° C. and 760 mm. of mercury). 

Since both pressure and temperature vary, we use the 
complete gas equation, writing it in the form 


‘“T — constant 


pv 
1 


0 . 


P ‘'0 

Po ^ 


Thus = — • -f • 


273 


730 


760 273 + 15 


350 


= 319 c.c. 

5. A mass of hydrogen occupies a volume of 470 c.c. at a 
temperature of 17° C. and a pressure of 700 mm. of mercury. 
What will be its volume at normal temperature and pressure ? 

6. What will be the volume of the hydrogen in the previous 
question if the temperature rises to 30® C. and the pressure 
to 780 mm. ? 


[Volume at 30® C. and 700 mm.=^470 x 


-_73^by 

273 + 17 

Charles’s law 


.•.Volume at 30® C. and 780 mm. =470 x x 

273 + 17 7S0 

—441 c.c. 

The calculation can be made in a single stage by using the 

relation 

7. A quantity of air occupies a volume of 800 c.c. at a 
temperature of 20® C. and 750 mm. pressure. What will its 
volume be at 5® C. and 770 mm. pressure ? 

8. A litre of hydrogen at N.T.P. weighs 0-09 gram. What 
is the weight of a litre of hydrogen at 27® C. and 740 mm. 
pressure ? 

9. The density of air at o® C, and 760 mm. is 0-00129 
gm./c.c. What is its density at 20® C. and 700 mm. ? 

10. A room having a volume of 800 cubic metres is initially 
at a temperature of 10° C. and a pressure of 770 mm. What 
mass of air will leave the room if the temperature rises to 
20 C. and the pressure fails to 75 ® mm. ? The density of 
air at N.T.P. is 1-29 gm. per litre. 

[Calculate the initial and final densities of the air. Hence 
deduce the initial and hnal mass of air in the room.] 
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EXAMINATION QUESTIONS_VI 


I. Distinguish between heat and temperature. Why is it 

temperature should have fixed points ? 


Wh ■ “ meicury thermometer is graduated. 

Why IS It desirable to use a liquid having (a) high conduct¬ 
ivity, (i) low specific heat ? ^ conauct 

3. Define the coefficient of linear expansion of a solid, and 
explain one method by means of which this constant could 
be determined for a metal rod. 


4. Distinguish b^ween apparent and true expansion. How 
are they related ? Describe carefully how you would measure 
the apparent coefficient of expansion of a liquid. 

5. Describe how the coefficient of absolute expansion of 
a liquid may be obtained. How is it calculated when the 
coemcient of apparent expansion is known ? 

6. Which coeflScient of expansion would you use, the 
absolute or the relative, in reducing the height of the mercury 
column of a barometer to o* C. ? Give reasons for your 


7. How does the volume of a gas vary with change of 
temperature and change of pressure? Describe an experi¬ 
ment by which the change of volume with change of tempera- 
ture may be illustrated. 

8. How does the volume of a gas depend upon its tempera¬ 
ture and pressure? A litre of air is enclosed in an inverted 
bottle which is slowly sinking in a pond. If the temperature 
of the water at the surface is 20® C., what will be the volume 
of the air when the bottle has sunk 30 feet, if the temperature 
at that depth is 18® C. ? (Height of water barometer is 34 
feet. The pressure of the aqueous vapour may be neglected.) 

9. Describe the construction of a constant volume air 
thermometer. Explain how you would use it to find the 
melting-point of wax. 

10. Describe the construction and graduation of a gas 
thermometer. Contrast the relative merits of a gas and 
mercury as a thermometric substance. 


CHAPTER IV 

THE MEASUREMENT OF HEAT 



118 . I*roli inina ry Considorsttioiis.—have already in 
§ 96 obtained some notion of heat and its relations to temper¬ 
ature. It will be necessary now to give these ideas a more 
definite form, so that the subject may become capable of 
exact measurement. Let us take a block of ice such as A 
(Fig. 83) having a large hollow scooped out in its surface. 
Take a ball of copper and heat it in boiling water so that its 
temperature becomes 100“ C. If we now transfer this copper 
ball to the cavity in the ice 
it will be found that some 
of the ice is melted, and 
the mass melted can be 
found by weighing the water 
formed. At the same time 
the temperature of the 
copper ball will have fallen 
to the temperature of the 
ice. We have assumed that 
when a body falls in tem¬ 
perature it loses something 
which we call heat. The 
heat given out by the copper 
ball has therefore melted a 
quantity of ice, the mass of which we have measured 
of*?he°firs”t°'^jr^t*q'^ second copper ball of twice the mass 
it in the ca’vitv^* boiling water, and place 

Tf . great as that m the former experiment. 

Conner and ^ ^ same mass as that of the 

baU is onlv experiment, we shall find that the lead 

ice n^elted bv one-third of the quantity of 

ice melted by the copper ball.^ Since the fall of temperature 



Fig. 83.—Experiment to illustrate 
Quantity of Heat. 
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was exactly the same in each case, we must assume that in 
falling through a given range of temperature different bodies 
give out very different amounts of heat. 

If we return to our old analogy of water and water level, 
we may compare the three balls to three measuring-glasses of 
different cross section. Although the height of the water is 
the same in each, yet the quantity may be very different. 
We see then that different bodies have different capacities for 
heat, the capacity depending not only on the mass of the 
body but also on the substance of which it is made. 

If our analogy holds good we should expect that the 
quantity of heat given out by a body should be proportional 
to the difference of temperature through which it falls. Let 
us take our original copper ball and heat it up, say, in a bath 
of oil to 200® C. On placing it again in the cavity in the ice 
we shall find that it melts twice as much ice as it did when 
heated up in boiling water to a temperature of i oo® C. The 
quantity of heat given out is proportional to the fall of 
temperature. 

The heat given out by a body in cooling is therefore 

(1) directly proportional to the fall in temperature; 

(2) directly proportional to the mass of the body; 

(3) depends on the nature of the body. 

The quantity of heat Q given out by a body of mass m in 
cooling from a temperature to a temperature is therefore 
given by 

where r is a constant which depends on the nature of the 
substance. 

119 . Unit of Heat.—It is necessary now to define what we 
mean by unit quantity of heat. Our choice is of course 
entirely a matter of convenience. We might quite well have 
defined it as the quantity of heat necessary to melt i gram 
of ice. As a matter of fact, it is defined from the above 
equation by assuming that the constant s has the value unity 
in the oase of pure water. We define unit quantity of heat 
as follows : 

Unit quantity of ?uat is that amount which is given out by 
unit mass of water in cooling through unit range of temperature. 

Using the C.G.S. system of units we may say that— 

Unit quantity of heat is that amount which is given out by one 
gram of water in cooling through i* Centigrade. 
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This unit is known as the calorie. 

It is of course possible to work in other units. We can, 
for example, measure masses in pounds and temperatures in 
degrees Fahrenheit. The unit quantity of heat is then the 
heat given out by i lb. of water in cooling through i® F 
This is known as the British Thermal TTnit (B.T.U.). or 

pound-degree-Fahrenheit. We shall employ the C.G.S. unit 
or calorie. 

120 . Specific Heat.—Capacity for Heat.—If Q is the heat 
given out by m grams of water in cooUng through and 
the heat given out by the same mass m of some other sub¬ 
stance in falling through the same difference of temperature, 
then Q and . /, since the constant s is 

taken as unity for water. Thus the factor s for a given sub¬ 
stance is given by 

It IS known as the specific heat of the substance. Thus_ 

of o substance is the ratio of the heat 
emitted by a given mass of substance in cooling through a 
given range of temperature to the heat emitted by an equal mass 
of ^ater in cooling through the same range of temperature. 
The ^antity of heat given out by a body in cooling through 
umt difference of temperature is known as the thermal capacity 
or capacity for heat of the body. 

Since the unit of heat is the heat given out by unit mass of 

water in cooling through i*. the capacity for hLt of a body 

may also be defined as the ratio of the heat given out by the 

body in coolmg through 1° to the heat given out by^unit 
mass of water in cooling through i®. ^ 

. J equation in § 118, the heat given out 

1° is given by heat r in coolinf through 

Q.~m . s 

mass. A body whose capacity for heat is O U 
thermally equivalent to Q grams of water O i 
often known as the water equivalent of the body. 
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121 , Principles of the Measurement of Heat.—Let us take 
a boiling tube confining, say, loo grams of water at a 
temperature of 50 C., and place it in a beaker also contain¬ 
ing 100 grams of water, but at a temperature of o® C. The 
two quantities of water will gradually attain the same tempera¬ 
ture, and It will be found that this common temperature is 
approximately the mean between the two separate tempera- 
tures, that is, 25 C. The hot water has cooled through 25®, 
the cold water has been heated through the same ranie, and 

grams of water at a temperature of 
^5 L. as we can see from our equation, the quantity 

of ice which would be melted by 200 grams of water at 25* C. 
IS the same as that which would be melted by the original 
100 grams at 50® C. (The water at o® C., being at the same 
temperature as the ice, would of course melt no ice.) Thus 
the total quantity of heat has not been altered by the 
mixture of the hot and cold water. 

Again, the quantity of heat given out by the hot water in 
cooling through 25® has raised the temperature of the cold 
water through the same range of temperature. Hence the 
quantity of heat given out by a substance in cooling through 
a given range of temperature is equal to the quantity of heat 
necessary to raise the temperature of that substance through 
the same range of temperature. 

Jn physical operations the only result of tuhich is a change in 
temperature of the parts of the system^ the total quantity of heat 
in the system remains unaltered. This is the principle of the 
conservation of heat. 

The limitations of this principle must be noticed. Thus 
in the experiment with the copper ball and the block of ice, 
the heat given out by the ball is absorbed by the block with¬ 
out any rise of temperature, the water formed being at o* C., 
as may easily be proved by a thermometer. But in this case 
a physical change has occurred, namely, the melting of the ice. 
We shall see later that to melt i gram of ice requires a 
definite amount of heat, which is given out again when the 
water freezes. Again, if strong sulphuric acid is mixed with 
water at the same temperature, the temperature of the mixture 
rises very considerably. In this case chemical action takes 
place between the liquids, with the production of heat. Care 
must be taken either to exclude or allow for all such effects in 
our measurements on quantities of heat. The science of the 
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measurement of quantities of heat is known as calorimetry. 
With these precautions we may write : 

The heat lost by the hot bodies = the heat gained by the 
cooler ones. This relation is the foundation of calorimetry. 

Suppose, for instance, that a mass of a substance of 
specific heat and at a temperature t^ is placed in a liquid 
of mass and specific heat s^ contained in a vessel of mass 
and specific heat s^ both at a temperature t^, and let t^ be 
the final temperature assumed by the mixture. The heat 
lost by the hot body is equal to — /g), that gained by 

the liquid is ^^ft^ — /g), and that gained by the vessel is 

Our principle states that, assuming no changes 
take place in the system except changes of temperature, and 
no heat is given to bodies outside the system, then the heat lost 
by the hot body is equal to the sum of the heats taken in by 
the liquid and its containing vessel. That is— 

— 4 ) + ^ 3 -^ 3(^3 — ^2) 

This* operation is known as the method of mixtures. 

122 . Determination of the Specific Heat of a Solid by the 
Method of Mixtures.—The equation we have just obtained 
can be used for determining specific heats. To determine 
the specific heat of a solid the latter is heated to some known 
temperature, such as that of the boiling-point of water, and 
then transferred rapidly to a known weight of water or some 
other liquid whose specific heat is known. The temperature 

taken before the solid is put in, and again 
when it has ceased to rise—that is, when the solid and the 
hquid have attained a common temperature. Then, since the 
heat lost by the solid is equal to the heat gained by the 
liquid, the specific heat of the former can be calculated. For 
example, if the weight of the solid is 400 grams and its 
initial temperature is 100“ C., the weight of water 100 
grams and its initial temperature 20® C. ; and the tempera¬ 
ture after mixing is 40® C. : the heat lost by the solid is 
^oxrx(ioo® — 40*), that is, 24,000. j calories, where s is 
e specific heat of the solid. The heat gained by the water 

20®), that is, 2000 calories. Thus, assuming 
at there has been no loss of heat from the apparatus during 
the experiment, 

24,000 . 2000 



2 000 ^ 

-— o’oSk 

24000 
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Many precautions are necessary if the experiment is to be 
successful. Let us consider the chief sources of error and 
the means of avoiding them. 

I. The water must be contained in some vessel. This will 
receive some heat from the hot body, and this heat must be 
accounted for. This can be done by calculating the water 
equivalent of the vessel, that is to say, the number of grams 
of water to which the vessel is thermally equivalent, and 
adding this amount to the actual weight of water used. The 
water equivalent, which is equal to the mass of the vessel 
multiplied by its specific heat, can be calculated if the latter 
is known. It can also be determined by direct experiment, 
and this course is generally to be preferred. 

2. Heat may be lost from the 
apparatus during the experiment. 
It is a matter of common observa¬ 
tion that a hot body, such as a pot 
of tea, for example, cools when 
allowed to stand; and it is also 
well known that this cooling 
be much retarded by surrounding 
the teapot with a covering of 
wadding or cotton wool. To pre¬ 
vent loss of heat during the time 
occupied by the liquid in reaching 
its final temperature, the vessel con¬ 
taining it, which is known as a 
calorimeter, is placed in an outer 
vessel, the space between them being packed with cotton 
wool. The apparatus is still more efficient if the outer 
surface of the calorimeter (which is always made of metal, 
generally copper) and the inner surface of the containing 
vessel are brightly polished, since it has been found (§ 157) 
that polished surfaces lose heat less rapidly than rough or 
blackened ones. The outer vessel is often contained in a 
wooden box fitted with a lid through w'hich the thermometer 
and a stirrer can be introduced. The apparatus then appears 
as in Fig. 84. 

3. Heat is lost by the hot body during its passage from 
the heater to the calorimeter. The transference must be 
made as rapid as possible. 

4. The solid must be kept at the high temperature 



Fig. 84. —The Calorimeter, 
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sufficiently long for the whole of it to reach that tem¬ 
perature. This is most conveniently done by heating it 
in a tube surrounded by either steam or boiling ^ter 
for some time. In accurate experiments elaborate ap¬ 
paratus IS used to ensure the proper heating and rapid 
transference of the solid. In the elementary laboratory the 
solid is generally heated in a test-tube placed in boiling 
water, and the transference made by taking the tube from 

the boiling water and rapidly emptying its contents into the 
calorimeter. 

5. A large body parts with its heat veiy slowly. It is 
therefore better to have the solid in small fragments rather 
than one lump. This lessens the time taken for the solid 
and the water to reach their common temperature, and hence 
reduces the loss of heat from the apparatus, 

12^ ^perimental Detennination of the Water Equivalent 
of a Calorimeter.—To determine the water equivalent of a 
calorimeter, a known weight of water is placed in the 
calonmeter, and the temperature taken. A similar quantity 
of hot water, the temperature of which has been taken, is then 
added, and after stirring, the temperature of the mixture is 
taken. The actual mass of the hot water can be determined by 
weighing the calorimeter and its contents after the experiment. 
Let It be Mg and let W be the water equivalent of the 
calonmeter. (This will include that of the thermometer and 
the stirrer, but these are usually very small.) The heat given 
out by the hot water is — that taken in by the cold 

- O* The difference MgC/g —^8> ——A) 

IS the heat taken in by the calorimeter. IBut this is equal to 

Its thermal capacity, or water equivalent multiplied by the rise 
ID temperature. Thus_ 


''"(/■a - /i) = - ^ 3 ) - M,(/3 - 

in^r experiment similar to the one 

it a pouring a known mass Mg of the liquid 

at a measured temperature into a mass M ^ 

a temperature contained 


at 

at 


I of cold water 
in a calorimeter of water 
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equivalent W. If the temperature of the mixture is we 
have ® 

Q = (M, + W)(/3 - /,) 

^_( M, + W) 

Mg /g — /g 

where ^ is the specific heat of the liquid. This method is, 
however, not usually accurate, as many liquids evolve heat 
when added to water, while others do not mix with it, and 
thus considerable stirring is needed to bring the water and the 
liquid to the same temperature. 

It is better therefore to proceed as in the experiment 
described for determining the specific heat of a solid, using a 
solid of known specific heat, while the liquid whose specific 
heat is required is placed in the calorimeter. Let Mg, s^, and 
/g be the mass, specific heat, and temperature of the hot solid. 
Ml, Ji, and the mass, specific heat, and initial temperature 
of the liquid, and W the water equivalent of the calorimeter. 
Then, if /g is the final temperature after mixing, 

^ 2 ^ 2(^2 ^a) ” A) ^(^8 — ^i) 

(Heat lost) (Heat gained) 

All these quantities are known except which can thus be 
calculated. The precautions used in the former experiment 
must be applied. 


TABLE OF SPECIFIC HEATS 

Aluminium 
Copper 


Iron 
Lead 
Mercury 
Tin . 

Water 
Ice . 

Steam (at constant pressure) 


0'21 

0094 

0*12 

0-031 

0-033 

ooss 

1-00 

0-50 

0-46 


(by definition) 


125 . Determination of the Latent Heat of Fusion of Ice.— 
In the experiment with which we commenced this chapter we 
saw that if a hot body was placed on ice it imparted its heat 
to the ice, but the temperature of the latter was not thereby 
increased. Instead of rising in temperature some of the ice 
melted, and we assumed that the mass of ice melted was pro¬ 
portional to the quantity of heat imparted to it. Heat so 
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absorbed, and incapable of influencing a thermometer, is said 
to be latent. 

The latent heat of fusion of a substance is the quantity of heat 
required to change unit mass of the substance from the solid to 
the liquid state ivithout rise in temperature. 

The latent heat of fusion of ice is thus the number of calories 
required to change i gram of ice at ©« C. into water at the same 
ternperature. It can be determined by the method of mixtures. 

Take a calorimeter containing a known mass M, of warm 
water, and take its temperature t^. Add to it small pieces of 
melting ice which have been carefully dried between blottinc- 
paper. until the temperature of the calorimeter has fallen as 
much below the temperature of the air as it was previously 
above it. Let the final temperature 
when the ice has all melted be t^^ and 
let Mg be the mass of ice added. 

This can be found at the end of the 
experiment by finding the increase 
in weight of the calorimeter and its 
contents. Now if W is the water 
equivalent of the calorimeter the heat 
given out by the warm water and the 
calorimeter is equal to (M^ + W) 

C^i This has been absorbed 

in two ways. In the first place, a 



Fig. 85.-—Black’s Ice 
Calorimeter. 


‘“‘o water at o' C. 

L IS the latent heat of fusion of ice this will by definition 
aramTof^ quantity of heat equal to M^L calories. The M, 

from o' C to*" / temperature raised 

requires M ^ of the mixture. This 

th2 h^t abli?b~ed.Ve W 


(Mj + W)(/j - = MgL + Mft^ - o) 




(M, 


M 




126 ia 80 calories per gram. 

can d;terrnfne ana f^aion of ice is known, we 

which they are able ' rnTelt "^The ^“antity of ice 

commencil the eh, f ‘ experiment with which we 

menced the chapter can thus be used to measure specific 
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heats. Black’s ice calorimeter (Fig. 85) consists of a block of 
ice such as was there described, with a cavity in its surface, 
which can be closed by another block of ice so arranged to 
form a kind of lid. The hot body, heated to 100® C. in a 
bath of boiling water, is placed in the cavity and the lid 
quickly placed over it. The hot body is then completely 
surrounded by ice, and no heat can escape from it to the 
outer air. The heat of the body thus passes wholly into the 
ice, and troubles connected with loss of heat from the appara- 
tus are avoided. When the temperature of the body has fallen 
to zero the water formed is poured out and weighed. Let its 
mass be Mg. The heat required to melt Mg grams of ice is MgL, 
and this is the heat given out by the body in cooling through 
100® C. Let Mj be the mass of the body, and s its specific 
heat. Then 

M^s{ 100® — o®) = MgL 

M^ 100 

The principal error in this experiment is that due to the 
difficulty of collecting the whole of the water formed, but it is 
a serious one, and Black’s calorimeter is no longer used. Au 
accurate form of ice calorimeter, in which this difficulty is 
avoided, will be described later 134)* 

127. Determination of the Latent Heat of Steam.—We 
have already seen that the temperature of boiling water Is 
constant, and that when this point has been reached further 
heating does not increase its temperature but only changes it 
into steam. Just as each gram of ice at its melting-point 
requires a definite amount of heat to convert it into water, so 
each gram of water at the boiling-point requires a definite 
amount of heat to convert it into steam. 

TAe latent heat of steam is the quantity of heat absorbed in 
changing one gram of water at its boiling-point into steam at the 
same temperature* 

The latent heat of steam is most conveniently determined 
by measuring the quantity of heat given out when i gram of 
steam is condensed to form water. The water is boiled in a 
boiler (Fig. 86) and issues through a delivery tube which 
is wrapped with cotton wool to prevent the loss of heat. 
Before reaching the calorimeter, the steam passes through a 
small steam trap. This catches any water which may have 
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earned over with the steam, or which may have 
been formed by condensation of the steam during its passage 
through the tube, and thus ensures that as far as possible 
only dry steam (that is, steam unmixed with any fine drops of 
water) shall emerge from the nozzle. This is very impor¬ 
tant, as a very small quantity of condensed vapour will cause a 
large error in the result. When the steam is issuing freely from 
the nozzle the latter is quickly plunged below the surface of a 
weighed quantity of water contained in a small calorimeter. 
When the temperature of the latter has risen about 30^ C. the 
lizzie is quickly raised, and the temperature of the water in 
the calorimeter read. The increase in the weight of the 


calorimeter gives the 
mass of water con¬ 
densed. 

Let Mj be the mass 
of water originally in 
the calorimeter, and /j 
its temperature. Let 


/o be the final tern 


perature and the 
mass of steam con¬ 
densed, and let W be 
the water equivalent 
of the calorimeter. 
The heat conveyed 
into the calorimeter 
by the steam is due 
first to the heat gjiven 
out by the steam in 
condensing into 



Fig. 86. —Determination of the Latent 

Heat of Steam. 


Tf ® ^ M^L where L is the latent heat 

ot steam. The water formed from the steam is initially at a 

tu^^r> * °° ‘o ‘he final tempera- 

o7 the^!. ‘ °° - 4) calories. The sum 

rhe wnr Z ‘‘""‘".‘■hes suffices to raise the temperature of 
M (4 - 4)°. and is therefore equal to 

have ” ^ calones. Equating the two quantities, we 

MjjL +M,( 100“ — 4°) = (M + W )(4 — 4 ) 

... x.=^)c4-4)-(roo:4) 
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The value of the latent heat of steam at loo* C. is 536 
calories per gram. 

128. Jolys Stream Calorimeter.—Just as specific heats r-.an 
be measured by finding the mass of ice which a body will 
melt in cooling to o®, so they can also be determined by 
measuring the amount of water which it can condense in 
warming up to 100® C. This is indeed the most accurate 
method of measuring specific heats. The solid is suspended 
from one arm of a sensitive balance A (Fig. 87) so as to hang 
inside a wooden chamber B. The temperature of the body is 
allowed to come to that of the chamber, which is read, and a 
current of steam is then blown through the chamber for some 

little time. Steam condenses on 
the cold body, until its temperature 
reaches that of the steam. If 
necessary, the condensed water 
may be prevented from falling from 
the body by a small scale pan S 
suspended below it. The amount 
of water which condenses on the 
body is determined by finding the 
increase in weight during the ex¬ 
periment. This can be done 
without moving the body from the 
chamber. Let M be the mass of 
the body, and its original tem¬ 
perature, and let m be the mass 
of water condensed upon it. The 
heat required to raise the tem¬ 
perature of the body from /® to 100® C. is Mj(ioo — /), 
where s is its specific heat. This has been furnished by the 
condensation of m grams of steam and is therefore ntL. 
calories, where L is the latent heat of steam. Thus— 

Mj(ioo — /) = Tn'Lt 

_ mJ-, 

M( 100 — /) 

The steam calorimeter has many advantages over the 
ordinary calorimeter. The loss of heat which occurs during 
the transference of the heated body from the heater to the 
calorimeter in the case of the latter is completely avoided, 
and since the body is surrounded by steam throughout the 



Fig. 87,—Joly’s Steam 
Calorimeter. 
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experiment there is no loss or gain of heat from external 
sources. Various practical difficulties occur, such as the dis¬ 
turbance of the balance by the rush of steam through the 
hole in the box through which the suspending wire passes, 
and by the condensation of water vapour in the hole and on 
the wire. These have been overcome, and the method is 
probably the most accurate which we have for determining 
specific heats. 


(For the values of the specific heats see the Table in § 124.) 

1. Calculate the number of calories of heat given out {a) by 
500 grams of copper in cooling from 50® to 20®; (^) by 200 
grams of mercury in cooling from loo® to o®. 

2. An aluminium calorimeter weighs 55 grams. What is 
its water equivalent ? 

3. When 60 grams of iron nails at 100® C. are dropped into 
120 grams of water at I3®‘2 C., the temperature is found 
to rise to 1 7®’8. What is the specific heat of iron ? 

4. A copper calorimeter weighing 100 grams contains 100 
grams of water at 16® C. When 180 grams of lead at 100® C, 
are added, the temperature rises to 20® C. Calculate from the 
data the specific heat of lead. (Specific heat of copper may 

be taken as —.) 

10 

5. A copper ball weighing 500 grams is heated to 200® C. 
and placed in a cavity in a block of ice. How much ice will 
be melted ? 

6. How many calories of heat will be required to convert 
SO grams of ice at o* C. into steam at 100® C. ? 

7. A vessel, the water equivalent of which may be neglected, 
contains 250 grams of ice at o® C., and steam at 100® C- is 
passed into the vessel. What will be the total weight of water 
in the vessel (a) when the ice has just melted, and {d) when 
the temperature has risen to 100® C. ? 

8. In order to measure the temperature of a furnace, a 
copper ball (specific heat=o'i) weighing 200 grams is placed 
in it until it has attained the temperature of the furnace, and 
is then placed in 1000 grams of water at 12® C. The tempera¬ 
ture of the water rises to 24® C. What is the temperature of 
the furnace ? 


13 


CHAPTER V 
CHANGK OF STATE 

129. The MeUing-Point of a Solid.—We have already seen 
that ice melts at a definite temperature, and, in fact, have 
taken the melting-point of ice as one of our standard tem¬ 
peratures. To investigate the matter a little more closely, let 
us take a test-tube containing distilled water at about 20® C., 
and place it in a freezing mixture of ice and salt. This will 
give a temperature considerably below o® C. Place a ther¬ 
mometer in the ice, and record the temperature every half¬ 
minute, until cooling becomes very slow. A curve can now 
be plotted from these readings showing how the temperature 
in the test-tube varies with the time. 

It will be found that the temperature of the water 
falls regularly until o® is reached, at which point ice will 
begin to form. From this point onwards the temperature 
remains stationary at o®, although the test-tube is still losing 
heat to the colder mixture without. This heat must, of 
course, have been furnished by the solidification of the water. 
Thus heat is evolved when water freezes. Not until the whole 
of the water has solidified does the thermometer in the test- 
tube show any further fall of temperature. 

The curve so obtained is called a cooling curve, and such 
curves afford one of the best means of determining the melting- 
point of solids. Thus, if a small test-tube is filled with 
naphthalene, heated until the whole has liquefied, and is then 
allowed to cool with a thermometer in the tube, a curve similar 
to Fig. 88 will be obtained, giving a horizontal portion at a 
temperature of about 78® C. This is the melting-point of the 
naphthalene. It is easy to show by reversing the above ex¬ 
periments (that is, for example, by taking the frozen test-tube 
in the first experiment, and allowing it to warm up in a water 
bath kept at a temperature of, say, 30® C.) that the solid 
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begins to melt when the temperature of solidificaHon is 

reached, and remains at that temperature until the whole is 

melted. This point is therefore known as the melting-point 
of the solid. 


Certain substances, such as paraffin wax. sealing wax. and 
glass, pass through an intermediate state between solid and 
liquid in which they are plastic. In such cases the cooling 

changes seen in the curve 
in hig. 88, and never becomes quite horizontal. Such sub¬ 
stances have thus no defimte melting-point. In the majority 


TcWp. 



Fig. 88 .— Cooling Curve for a Substance 
undergoing Solidification. 


^ considerably below its 

Without solidification setting in. Thus if water 

. Change of Volume on SoUdification.— The change 



196 


MANUAL OF PHYSICS 


from a liquid to a solid state is always accompanied by a 
change in volume. The majority of substances decrease in 
volume in passuig from the liquid to the solid state. Some, 
however, and notably water, increase in volume on freezing! 
The increase in volume in the case of water is shown by the 
fact that ice floats in water. Its density is therefore less than 
that of water, or, in other words, the volume of a given mass 

of ice is greater than the volume of the same 
mass of water. The change in volume which 
occurs can be determined by the following 
experiment. A bulb (Fig. 89) is blown at the 
end of a piece of quill tubing, and a weighed 
quantity of water is inserted, sufficient to fill 
about three-quarters of the bulb. Some paraffin 
oil is then added until it stands at a convenient 
height in the tube. The instrument is surrounded 
by a mixture of ice and water until its tempera¬ 
ture has fallen to o® C. The position of the 
meniscus is marked. The bulb is then trans¬ 
ferred to a freezing mixture until the whole of 
the water has become ice. It is then replaced 
in the bath of ice and water until its temperature 
is again o'* C. The position of the meniscus is 
again marked. It will be found to be consider¬ 
ably higher than before, thus showing that the 
ice occupies a greater volume than the water 
from which it was formed. 

If « is the area of cross-section of the stem, 
Me^s^tiririg ^ distance between the two marks, the 

Change of increase in volume is Hol. If tv is the weight 

^^ate^r^o'n water in the bulb, the volume of the water is 
Sotidffica- nearly tv c.c. Thus w c.c. of water increase 

tion, in volume by Aa c,c. on solidification, or i 

/^Ct 

c.c. increases by — c.c. It is found that this fraction is 

TV 

equal to 0*09 c.c. In other words, i c,c. of water forms 1*09 
c.c. of ice. 

The expansion of water on freezing takes place with great 
force. If a hollow cast-iron shell is completely filled with 
water and closed securely with a screw plug, it will burst when 
exposed to a severe frost. The bursting of domestic water 
pipes, which causes so much inconvenience in th$ winter, is 
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due to the same cause, though the leak, of course, only be* 
comes apparent when the ice melts. 

131. Change of Melting-Point with Fresstire_If a steel 

cylinder is filled with ice at 0° C., and some heavy object, 
such as a copper coin, is placed on the top, then if pressure is 
applied to the ice, say by means of a screw-plunger, it will be 
found, on releasing the pressure, that the ice is again in the 
form of a solid block, but that the coin is now at the bottom 
of the vessel. This shows that while the pressure was acting 
the ice was changed into the liquid form. In other words, 
o® C. is above the melting-point of ice when subjected to great 
pressure. The melting-point of ice is lowered by increase of 
pressure. Accurate experiments have shown that an increase 
in pressure of one atmosphere lowers the melting-point by 
0*0072® C. 

On the other hand, substances such as paraffin wax, which 
decrease in volume in passing from the liquid to the solid 
state, have their melting-points raised by pressure. The melt¬ 
ing-point of paraffin wax, for example, is raised from 46“ C. 
to 50* C. by a pressure of 100 atmospheres. 

132. Laws governing the Change from the Solid to the 

Liquid State-We may summarise these results as follows : 

I. There is for each solid a temperature depending only on 
the pressure, known as the melting-point, at which it changes 
to the liquid state. 

*. If a solid is heated, the temperature remains constant 
when the melting-point is reached until the whole is melted. 

3. For each solid a definite quantity of heat, known as the 
latent heat of fusion, is required for the conversion of i gram 
of the substance from the solid to the liquid state. 

4. The change of state is attended with a change of volume. 

5. Substances such as ice, which decrease in volume on 

melting, have their melting-points lowered by increase in 

pressure. Substances such as wax, which increase in volume 

on melting, have their melting-points raised by increase in 
pressure. 

133. Regelation.—The lowering of the melting-point of ice 
by pressure leads to some interesting phenomena. If two pieces 
of ice are pressed tightly together, they become frozen into a 
single block. When the blocks are pressed together, the points 
at which they meet are under pressure, and the melting-point 
of the ice at these points is reduced below o® C., w’hich is the 
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actual temperature of the ice. The ice, therefore, melts at 
the points of contact. On relieving the pressure, the freezing- 
point rises to o C. again, and the water which has been 
formed freezes again, thus binding the pieces into one solid 
block. This process, which was first noticed by Faraday, is 
known as regelation. 

The formation of snowballs by the pressure of the hands 
is another illustration of the same effect. If, however, the 
frost is intense, and the snow is consequently much below 

0“ C., the 


pressure ex- 
erted by the 

A P hands maybe 

11 I. ■. I ■ i. 1, 1.1.1 ■ i\i ■ I ■ j. 1.1 ■ I. I ■ ]. 1.1 .V. 1 ■ too feeble to 

^ ^ II reduce the 

8 8^ 11 ^ melting-point 

^ I below the actual temperature of the snow, 

B I which then refuses to bind. 

I "*"be classical illustration of the process of 
|| regelation is the passage of a wire through a 

II block of ice. A large block of ice is sup- 
I ported on two stands, and a piece of copper 

I wire supporting a heavy weight at each end 

II is laid upon it. The wire slowly cuts its 

cl way into the ice, without, however, making 

II- -III any permanent division in the block, and is 

“I ", soon firmly embedded in the ice. If the 
Ice C^l^imeteT^ * experiment is allowed to continue, the wire 

will make its way completely through the 
ice, which, however, still remains as one solid block. 

The processes involved are as follows. The pressure of the 
wire lowers the melting-point of the ice immediately below it, 
and the ice, being above the new melting-point, liquefies. 
The latent heat necessary for the melting of the ice is 
withdrawn from its immediate surroundings, and principally 
from the copper wire, which is a good conductor of heat 
The water formed passes to the upper surface of the wire, and 
as the pressure is relieved, its freezing-point will again be 0° C, 
But the wire, having given out heat to the melting ice, is 
below this temperature, and the water in contact with it 
therefore freezes. The track of the wire is thus automatically 
sealed up behind it. The conducting power of the wire plays 
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an important part in the experiment. A piece of string will 
not cut through the ice at all. 

134. Bunsen’s Ice Calorimeter.—The change of volume 

which occurs when ice melts has been used to measure quan»-t’es 

of heat. We saw that the principal defect in the simpl- ire 

calorimeter was the difficulty of collecting and measuring the 

amount of water formed. If we arrange the experiment, so 

that the ice is contained in a closed vessel, we can estimate 

the amount melted by the contraction in volume which takes 

place. The usual form of the apparatus is shown in Fig 00 

A thin-walled test-tube A is sealed into a wider 

vessel B, which terminates in a tube CC, bent three times 

at right angles, and joined at the farther end to a horizontal 

capillary tube D, of narrow and uniform bore. The upper 

part of B is completely filled with air-free distilled water the 

rest of B and the tube CC being filled with mercury, which also 

occupies part of the capillary tube D. Any change in volume 

of the water in B will produce a corresponding movement 
of the mercury in D. 

Thus, if the area of cross-section of tube D is o*i 
square millimetre, the change in volume corresponding to a 
movement of i cm. on the scale will be equal to o oor cc 
Now the melting of i gram of ice produces a contraction of 
o 09 C.C., and requires 80 calories of heat. Hence a change 
in volume of 0 09 c.c. means that 80 calories of heat have 
been given to the apjiaratus. A decrease in volume of 
o 001 c.c. therefore corresponds to 


oO X 0*00 I 


0*09 


— =o'9 calorie nearly 


and, ^ we have seen, this produces a motion of i cm. in the 
thread of the instrument. Since a motion of o-c mm can 
easily be detected, our apparatus tvill thus allow us to detec" 
quantities of heat as small as 0 045 calorie 

To use the calorimeter it is kept surrounded by a bath of 
melting ice A certain amount of the water Ii/b is tlicn 
frozen Placmg a mixture of ether and solid carbon dioxide 
m A. When sufficient ice has formed, the calorimeter is 

allowed to stand until the whole is at th; temperature the 

corked trnrevent ^ r u ^ is 

corked to prevent loss of heat to the atmosphere, and when 
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the mercury has become steady, the new position is read off. 
From the decrease in volume shown by the mercury, we can, 
as above, calculate the quantity of ice melted by the hot 
body, and hence the heat given out by it to the calorimeter. 
The calorimeter is usually calibrated experimentally by 
measuring the displacement of the thread when a known 
quantity of heat is added to A, say, by pouring in a known 
mass of water at a known temperature. The displace m ent 
of the thread is directly proportional to the heat added. 

This calorimeter is both sensitive and accurate. There are 
no cooling corrections to be applied, no water equivalent to be 
taken into account, no thermometer is needed, and, when 
once it has been calibrated, the readings can be made very 
quickly. The only source of error is the loss of heat during 
the transference of the hot body from the heater to the tube A. 


TABLE OF MELTING-POINTS 


Mercary , 

. - 3 S "-5 

C 

Ice . 

. o® 


Beeswax . 

. 62** 

1 $ 

Naphthalene 

8 o° 


Sulphur 

. 115® 


Tin 

232® 

• 1 


Bismuth • 

. 270® C 

Lead • • 

• 327”M 

Copf>er , 

. 1083®,, 

Platinum • 

• 1755'* 

Tungsten . 

. 2950® „ 


135. The Boiling'Point of Xiiquids.—We have already seen 
that water boils at a temperature, which for a given pressure 
is always the same. We have indeed taken the boiling-point 
of water at normal atmospheric pressure as the second of our 
fixed points. The statement applies equally to other pure 
liquids. If we heat a flask of water containing a thermometer, 
we find that the temperature steadily rises until the ther¬ 
mometer registers loo® C. A little before this point is 
reached it will be noticed that bubbles begin to form at the 
bottom of the flask, rise a little way into the liquid, and then 
collapse wth a peculiar noise. This gives rise to the singing 
noise in a kettle which is just about to boil. When the 
temperature reaches loo® C. these bubbles are given off from 
all parts of the liquid, and explode upon the surface, and 
quantities of steam are then emitted. The water is said to be 
boiling. On further heating, the temperature remains constant. 
This temperature is known as the boiling-point of the liquid. 

Z'Ae boiling-point o/ a liquid is the temperature at ivhich it 
boils under some given pressure. T'he normal atmospheric 
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pressure is always understood^ unless some other pressure is 
definitely stated. 

As liquids always increase in volume when passing into the 
state of vapour, an increase in pressure always produces an 
increase in the boiling-point. A change of i cm. in the 
height of the barometer in the neighbourhood of the normal 
atmospheric pressure alters the boiling-point of water by 
o “*36 C. 

Just as solids may under certain circumstances be cooled 
below their melting-points without freezing, so liquids may be 
heated above their boiling-points without boiling. This is 
very apt to occur, without special precautions, especially in 
liquids which have been kept boiling so long that the dissolved 
air has been mostly expelled. If a flask of water is kept 
boiling for some time, it is found that the temperature from 
time to time rises several degrees above the boiling-point. 
The steam is then given off suddenly and with explosive 
violence, which causes the vessel to rock, and may even cause 
it to break. This is known as “ bumping.” It may be 
avoided by placing some fragments of broken glass, or a few 
lengths of wire in the vessel, and this precaution should 
always be taken in measuring the boiling-point of a solution. 

136. Laws of Ebullition.—The principal facts of ebullition 
may be summarised as follows : 

1. When a liquid is heated it begins to boil at a definite 
temperature, known as the boiling-point, and on further 
heating the temperature remains stationary at this value until 
the whole of the liquid is converted into vap ur. 

2 . This temperature is constant for a given liquid if the 
pressure is constant. 

3 . The boiling-point of a liquid increases if the pressure 
upon It IS increased. 

4 . A definite quantity of heat is required to convert unit 
m^s of the liquid into vapour at the same temperature. 

1 nis is known as the latent heat of vaporisation. 


Helium , . 

Oxygen . 
Sulphur dioxide 
£thyl alcohol • 


TABLE OF BOILING-POINTS 
(At normal atmospheric pressure) 


- 267° C. 

- lOO „ 


Water • 
Mercury • 
Sulphur • 
X.«ad 


# 


100° C. 
357® .. 
445® »> 

*525® .» 
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137. The Eoiling-Pomt and Freezing-Point of Solntions_ 

The boiling-point of a liquid is always increased by the presence 
of any substance in solution in it. Thus a saturated solution of 
common salt in water has a boiling-point of about i o8® C. This 
temperature will be recorded by a thermometer placed in the 
boiling solution. If, however, the thermometer is placed in 
the steam issuing from the boiling solution it will only 
indicate a temperature of loo® C.—that is to say, the boiling- 
point of the pure solvent. Hence, in finding the boiling- 
point of a pure liquid it is advisable to place the thermometer 
in the vapour only, thus eliminating any error which might 
be caused by impurities dissolved in the liquid. In measuring 
the boiling-point of solutions, however, it is obviously necessary 
that the thermometer should be placed in the liquid, as other¬ 
wise the temperature recorded would be the boiling-point of 
the pure solvent. In a similar way the freezing-point of a liquid 
is lowered by the presence of any dissolved solid matter. Thus 
the freezing-point of a solution of any salt in water is always 
below o® C. The actual lowering observed depends on the 
nature of the salt and the quantity present per unit volume. 
The freezing-point of a saturated solution of common salt is 
about —2 2® C. 

138 . Evaporation and Ebullition.—Liquids may pass into 
the state of vapour at temperatures far removed from the 
boiling-point. If, for example, a saucer of water is left 
exposed to the air, the water gradually disappears in the form 
of vapour, although the temperature of the air is much below 
the boiling-point, A volatile liquid, such as ether, disappears 
even more rapidly. This process, which is known as evapora¬ 
tion, takes place at all temperatures, and even from some 
solids. Thus a thin sprinkling of snow will disappear by 
evaporation in frosty weather although the temperature of the 
air may be below freezing-point. 

Evaporation differs from ebullition in that there is no 
formation of bubbles, the change from liquid to vapour 
taking place only at the exposed surface of the liquid. The 
change, however, is still attended by the absorption of latent heat 
—in fact, more heat is absorbed during the evaporation of a 
liquid at low temperatures than at the boiling-point. For 
example, while the latent heat of steam at its boiling-point 
is 536 calories per gram, 606 calories are required for the 
evaporation of i gram of water at o® C. This heat is 
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absorbed in the first place from the remaining liquid which is 
thus cooled below the temperature of its surroundings. Thus 
if a thin glass dish containing ether is placed on a wet block 
of wood, and a rapid current of air is blown through the liquid 
to increase the rate of evaporation, it will be found that in 
a short time the glass dish becomes firmly 
cemented to the wooden block by a layer of 
ice. The ether has been cooled below 0“ C. 
by its own evaporation, and the water sur¬ 
rounding it has frozen. 

A liquid has thus at all temperatures a 
tendency to pass into the state of vapour. 

I-el us investigate the matter more closely. 

Let us take a straight mercury barometer A 
(Fig. 91) and surround it with a jacket such 
as B, so that the temperature of the baro¬ 
meter and its contents can be varied. Before 
commencing the experiment the mercury in A 
will stand at the barometric height for the 
day. Let us now introduce into A, by means 
of a pipette, a sufficient quantity of water to 
form a thin layer on the surface of the mercury. 

Some of the water will evaporate into the 
empty space above the mercury, and at the 
same lime it will be seen that the mercury 
in A falls by about cm., assuming that the 
tube is at the ordinary laboratory temperature 
(i8°C.). The vapour given off by the water is 
thus exerting a pressure equal to that of i J cm. 
of mercury in the closed space in A. If 
sufficient water has been added in the first 
place to leave a liquid film still visible above 
the mercury, the addition of more water will — Vapour 

not produce any increase in pressure. LiquTj^^ “ 

The pressure exerted in a dosed space by the 
vapour of a liquid in contact ivith the liquid is hnoion as the 

maximum vapour pressure 0/ the liquid at the temperature of 
the experiment. 

If now we raise the temperature of the bath B, taking care 
diat there is always a water surface visible above the mercury 
in the barometer, we shall find that as the temperature rises 
the mercury falls, at first slowly, and then more and more 
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rapidly, thus showing that the maximum vapour pressure of 
the water increases as the temperature rises. Thus, at a 
temperature of 50“ C. the mercury will be found to have 
fallen^9*2 cms., at 75° C. it will have fallen 28*9 cms., while 

at 95® C. it will have fallen 63*4 cms. below the barometric 
height for the day. 

Let us riow draw off the water from the bath B and replace 
it by a rapid current of steam. When the temperature of A 
has reached that of the steam it will be found that the mercury 
stands at exactly the same level inside and outside the tube. 
The pressure of the water vapour is thus exactly equal to that 
of the atmosphere. We thus arrive at the important result 
that a liquid will boil when its maximum vapour pressure is 
equal to the pressure of the atmosphere upon it. If the 
pressure upon the liquid is greater than the maximum vapour 
pressure, evaporation only takes place. 

139 . The Boiling of Water under Reduced and Increased 
Pressure.—It is evident from what has just been said that if 
the pressure on the surface of the water can be reduced to 
28*9 cms. and maintained at that value the water will boil 
at a temperature of 75® C. The experiment can be easily 
performed with the apparatus shown in Fig. 92. A round- 
bottomed flask containing water is connected through an in 
verted condenser to an exhaust pump. A thermometer is in¬ 
serted through the cork to give the temperature of the water, 
while a mercury gauge shows the pressure of the air in 
the apparatus. By working the pump until the pressure in 
the flask is sufficiently reduced, the water in the flask will, on 
heating, be found to boil briskly at temperatures which the 
thermometer shows to be far below its normal boiling-point. 
The steam given off is condensed in the condenser, and flows 
back into the flask. The boiling-point of water for a whole 
series of different pressures can thus be measured. 

If a pressure pump is substituted for the exhaust pump, 
and the pressure inside the flask increased above the normal 
atmospheric pressure, it will be seen that the water does not 
begin to boil until the temperature is above the normal 
boiling-point. If the pressure inside the flask is raised to 
two atmospheres, the water will not begin to boil until a 
temperature of 120® C. is reached. 

Since water boils when its maximum vapour pressure is 
equal to the gaseous pressure on its surface, the apparatus 
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just described can be used to determine the maximum vapour 
pressure of water at different temperatures, both above and 
below 100® C, For very high temperatures, where the 
pressures are very great, iron vessels are substituted for the 
glass flask and tubes. The fact that the water is actually 
boiling can then be ascertained from the fact that the 
temperature recorded by the thermometer remains constant. 
In this way water can be made to boil at a temperature as 
high as 200® C., the pressure required being 16 atmospheres. 



Fio. 92.—Determination of the Maximum Vapour Pressure of 

Water at Different Temperatures. 


boiling of water under reduced pressure is very neatly 
illustrated by a simple experiment due to Franklin. A round- 
bottomed flask, about half full of water, is boiled vigorously 
for some little time until all the air has been expelled by the 
steam. The flame is then taken away, and before the liquid 
has ceased to boil the neck is closed with a well-fitting cork 
and the flask inverted. In a short time ebullition ceases. If 
the surface of the flask is then cooled by squeezing a little 
cold water upon it from a sponge, boiling immediately re- 
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commences. Before the cold water was applied the pressure 
of the steam still in the flask was sufficient to prevent the 
water from boiling. The cold water, by causing some of the 
steam to condense, lowers the pressure within the flask, and 
the water again begins to boil. 

At high altitudes the pressure of the air is much below 
the normal, and water boils at temperatures considerably 

below ioo“ C. The 
boiling-point in an open 
vessel at a height of 
10,000 feet above sea- 
level is approximately 
90“ C. This is insuffi¬ 
cient to cook food pro¬ 
perly, and hence a special 
apparatus known as 
Papin’s digester is used 
(Fig. 93). It consists of 
a strong vessel A fitted 
with a safety valve V, 
carried on a lever L, which is hinged to the vessel at H. 
The valve can be arranged to open for different pressures of 
the steam in A by sliding the weight W along the lever. 
When the vessel is heated the pressure due to the water 
vapour given off will increase, and will thus prevent the water 
boiling until a temperature is reached for which the maximum 
vapour pressure is sufficient to lift the valve. By adjusting 
the weight W the water can be made to boil at any tempera* 
ture required. 
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EXAMINATION QUESTIONS._VII 


1. Define the terms specific heat, latent heat. How car? 
the latent heat of fusion of ice be determined experimentally ? 

2. Describe a method of measuring the specific heat of a 
solid, pointing out the principal sources of error, and showing 
how they can be eliminated or corrected for. 

3. Explain what is meant by saying that the latent heat 
of steam is 540 and that of water 80. 

4. A copper calorimeter (specific heat 0*1) of mass 50 grams 
contains a mixture of ice and water. The whole is weighed 
and the mass is found to be 510 grams. A current of steam 
IS p^sed through the mixture and the temperature rises to 
to C. The mass at the end of the experiment is 535 grams. 
Calculate the mass of ice in the original mixture. 

5. How much steam at 100** C. will just melt 8 Ib. of ice 
at —10 C. ? The latent heat of steam is 540, that of ice 80. 
and the specific heat of ice is o'5. 

6. How would you determine the freezing-point and boiling- 
point of an aqueous solution ? How are they related to the 
corresponding points for pure water ? 

7. State what may be observed during the fusion of solid 

substances. Describe and explain an experiment to show 

that the melting-point of a solid is altered when the pressure 
upon It IS changed. ^ 

governing the change from the solid 
to the liquid state? Compare them with those governing 
the change from liquid to the gaseous state. 

9. What conditions affect the boiling-point of a Uquid ? 
Describe experiments to illustrate your answer. 

• What is the water equivalent of a vessel, and how may 

It be determined ? If 5 grams of steam at loo'" C. were 

passed into 73 grams of water at 20^ C. contained in a vessel 

the water equivalent of which is 2 grams, to what temperature 

would the water in the vessel rise ? [Latent heat of steam 
=^540.] 

n. What is meant by the thermal capacity of a substance ? 

A certain liquid has a specific gravity of o*8, and the thermal 
capacities of equal volumes of this liquid and water are in the 
ratio I What is the specific heat of the liquid? 


CHAPTER VI 


PROPERTIES OF VAPOURS—HYGROMETRY 

140 . Saturated and Unsatnrated Vapours.—We have seen 
that a liquid changes into the gaseous form when heated to a 
certain temperature, and further that this change takes place 
to a certain extent at all temperatures. The gas given off 
from the liquid is spoken of as a vapour. The distinction 
between gases and vapours is not usually very clearly drawn. 
Strictly speakings tue may define a vapour as a substance in t?ie 
gaseous condition which can be liquefied by the application oj 
pressure alone. This definition includes such substances as 
sulphur dioxide, chlorine, carbon dioxide, and ammonia, in 
addition to the vapours given off by substances such as water 
or ether which are ordinarily liquid. In practice the term 
vapour is often restricted to the vapours given off by sub¬ 
stances which are liquid at ordinary temperatures and 
pressures, while the substances such as sulphur dioxide, etc 
are commonly spoken of as gases, the pressure necessary tc 
liquefy them at ordinary temperatures being greater than those 
commonly employed in the laboratory. It should not be 
forgotten, however, that they are true vapours, and that the 
laws of vapour pressure apply to .them equally with the more 
condensible vapours with which we generally deal. 

We have seen that a liquid in a closed space exerts a 
vapour pressure in that space which depends only on the 
temperature and the nature of the liquid. This is known as 
the maximum vapour pressure for that temperature, and can be 
measured by either of the experiments described in §§ 138 , 139- 
In dealing with vapour pressures below 300 mm. the experi¬ 
ment with the barometer tube is generally employed. For 
vapour pressures above 300 mm. the boiling-point method is 
the more convenient. 

A vapour which is exerting its maximum vapour pressure for 

the temperature under consideration is called a saturated vapour, 

ao8 
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A vapour in contact with its own liquid in a confined space 

will always exert the maximum pressure, and will thus be 
saturated. 

A vapour which is not exerting the maximum pressure possible 
at the given temperature is called an unsaturated vapour. 

141 . Behaviour of TJnsaturated Vapours.—The behaviour 
of unsaturated vapours 
under the action of V 
varying temperatures 
and pressures may 
conveniently be intes- 
tigated with the appar- A 
atus shown in Fig. 

94<2. It differs from 
the ordinary Boyle^s 
law apparatus de¬ 
scribed in J 87 in 
substituting for the 
straight closed tube 
a wider glass tube 
A, graduated like a 
burette in cubic centi¬ 
metres. The top of 
the tube is closed by 
a glass tap T (shown 
in more detail in Fig. 

94 ^)* As will be seen 
from the figure, the 
lower portion of the 
hole through the tap is 
filled up with some im¬ 
permeable substance, 
the upper half being 
left free. When liquid 

is placed in the cup V a small quantity of it occupies the free 
space in the tap. If the tap is now turned round through half 
a revolution, this small quantity of liquid is cut off from the rest 
and tails into the graduated tube A. The liquid in V can thus 

apparatus by small regulated quantities 

ou ear of any air making its way into the apparatus. 

J.O perform the experiment the air is swept out of A by 
raising the mercury vessel C, the tap is inserted, and a Uttle of 

14 




(a,) 

Fig. 94.—Apparatus for studying the 
Behaviour of Vapours. 
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the liquid, say ether, poured in V. The mercury reservoir C 
is lowered until the mercury in A falls sufficiently to leave 
a vacuum of some size above it. The difference in levels 
between the two mercury columns will be the barometric 
height for the day. A very small quantity of the ether is 
now introduced by turning the tap, and at once evaporates. 
The pressure produced by the vapour is measured by finding 
the difference in heights of the two mercury columns, and 
subtracting it from the barometric height. As we wish to 
deal with unsaturated vapour care must be taken that this 
pressure is considerably less than the maximum vapour 
pressure at the temperature of the apparatus. 

We can now make experiments on this vapour in exactly 
the same way as for a gas. It will be found, for example, 
that if we double the volume, by lowering the reservoir C, 
the pressure is approximately halved. Unsaturated vapours 
approximately obey Boyle’s law. Similarly, if vre jacket the 
tube A and raise its temperature, keeping its pressure constant, 
we shall find that the vapour expands roughly in accordance 
with Charles’s law, its volume being approximately proportional 
to the absolute temperature. 

Unsaturated vapours behave approximately in the same 
way as true gases with respect to changes of temperature 
and pressure. 

There is, however, one very important point to be noted. 
If instead of increasing the volume we diminish it by raising 
C, the pressure of the vapour will increase in accordance 
with Boyle’s law until at last it reaches the maximum vapour 
pressure for the temperature of the experiment. If now the 
volume of the vapour is decreased still further, there will be 
no further change in the pressure. The pressure will remain 
constant until the volume of the vapour is reduced to zero, 
and if the apparatus is watched closely it will be seen that the 
vapour is being deposited as liquid on the sides of the tube. 
It is impossihU by arty c/uinge in volume to increase the pressure 
of the vapour beyond the f/iaximum vapour pressure of the liquid 
for the temperature of the experiment. 

These results are shown graphically in Fig. 95, which re¬ 
presents the effects of reducing the volume of an enclosed mass 
of vapour. From A to B the vapour is unsaturated, and the 
pressure-volume curve approximates to that of a gas. At B the 
volume has been so much reduced that the vapour has reached 
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Its maximum pressure for the given temperature. From this 
point the pressure remains constant while the volume is reduced. 
This IS represented on the graph by the portion BC. 


pRCSsuae 



Somewhat similar results are obtained if we consider tem¬ 
perature changes. If we work our apparatus at constant volume 

by keeping the mercury in A at some fixed mark on the tube 
we shall find on cooling the « * 

vapour that at first it be- 
haves like a gas, the pressure 
being roughly proportional 
to the absolute temperature. 

Eventually, however, a tem¬ 
perature will be reached for 
which the actual pressure 
of the vapour in the tube 
is equal to the maximum 
vapour pressure for that tem¬ 
perature. At this point the 
first signs of liquid are seen, 
and if the temperature is still 
further reduced the pres¬ 
sure of the vapour begins 
to decrease more rapidly 



Kk;. 96. — ReJution }»c*twecn Pressure 
and Temperature :\>r a \ apwur at 
Constant Volume. 


t an before, giving at every temperature the maximum vapour 

temperature. The vapour is now 
saturated. These results are shown in Fig. 96. Here again 
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the portion of the curve AB represents the behaviour of the 
unsaturated vapour. At B the vapour reaches the maximum 
value for the corresponding temperature, while BC represents 
the behaviour of the saturated vapour, and shows the relation 
between the maximum vapour pressure of the liquid and the 
temperature. It may be noted that the maximum vapour 
pressure of a liquid increases much more rapidly than the 


Pa£sau(»s 



Fig. 97.—Maximum Pressure of Aqueous Vapour at 

Dififerent Temperatures. 

absolute temperature. This is shown better in the graph in 
Fig. 97, which gives the maximum vapour pressure at different 
temperatures in the case of water. 


MAXIMUM PRESSURE OF AQUEOUS VAPOUR 


Temp. 

Pressure. 

Temp. 

Pressure. 

0^ C. 

4*6 

mm* 

40® C. 

54*9 mm. 

5 " .. 

6*5 

»f 

SO* M 

92*0 „ 

lO*’ ,, 

91 

f 9 

60° 

148*9 II 

15° ». 

12*7 

ff 

70* „ 

2333 .» 

20® ,, 

17*4 

>> 

80° ,, 

354‘9 11 

25 * »» 

23 *S 

II 

90“ „ 

525*5 »» 

30* 

3»*5 

• 9 

100® „ 

7600 „ 
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If instead of keeping the volume constant we had kepi the 
pressure constant, by arranging to keep the difference between 
the levels of the two mercury columns always the same, then 
on reducing the temperature of the vapour the volume would 
have decreased, according to Charles’s law, until a temperature 
was reached at which the pressure of the vapour was equal to 
the maximum vapour pressure. At this point it would be 
found that the reservoir C could be raised, thus reducing the 
volume of the vapour to zero without producing any change 
in the pressure. The vapour would simply condense to liquid. 
These results are shown in Fig. 98. 

142 , Pressure exerted by a Mixture of Gases and Vapours. 
—So far we have been 
considering the pressure 
exerted by the vapour in¬ 
troduced into a previously 
vacuous space. It can be 
shown, however, that if 
the other conditions are 
the same the vapour will 
exert the same pressure 
even if the space be filled 
with air, or, indeed, with 
any gaseous substance 
with which it does not 
chemically react. This 
can be shown very easily 
in the case of the maxi- 

the apparatus just described (Fig. 94). 
i-et A be filled with dry air at atmospheric pressure so that the 
mycury columns in the two limbs stand at the same level. 
Introduce into A sufficient of the liquid to leave a visil)le 
layer on the mercury surface. The level in A will fall. Hring 
It back to the same level by raising C. The air in A now 
ccupies the same volume as before, and thus exerts the same 
p ^ssure. The difference in levels of the two mercury columns 
IS then due entirely to the vapour given off by the liquid. On 

, .‘t, It will be found to be the same as that obtained 

hen the liquid is introduced into a vacuum. The maximum 
vapour pressure exerted by a liquid is independent of the 
presence of other gases in the space. This is equally true 
01 an unsaturated vapour. This result is known as Dalton-a 


Vai-UMe 



I'lG. 98. —Relation between Volume and 
Temperature for a Vapour at Constant 
Pressure. 
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Law of PaxtiaJ Pressures, It may be stated in its most general 
form as follows : 

Dalton’s Law.— T'he pressure exerted in a given space by 
a mixture of gases and vapours which do not act upon each 
other chemically is equal to the sum of the pressures which would 
be exerted by each of the constituents of the mixture separately if 
it ocaepied the whole space alone. 

This result is of considerable practical importance. 

143 . Vapour Pressure of Solutions.—The vapour pressure 
of a liquid is always decreased by dissolving any non-volatile 
substance in it. This effect is, of course, closely related to 
the increase in boiling-point produced by dissolving a solid in 
a liquid. We have seen that a liquid boils when its vapour 
pressure reaches the pressure of the atmosphere. Since the 
solution does not boil until a temperature higher than that of 

the pure solvent, it is 
obvious that at the 
boiling-point of the 
latter the vapour pres¬ 
sure of the solution is 
still less than that of 
the atmosphere, and 
therefore less than that 
Fig. 99.—The Cryophorus. of the pure solvent. 

The vapour pressure 
of a solution of one volatile liquid in another—for example, 
a solution of alcohol in water—is less than the sum of the 
vapour pressures of the two constituents ; it may, in fact, be 
less than the vapour pressure of either of them. If, however, 
the two liquids do not mix, as, for example, water and petrol, 
the vapour pressure of the mixture is equal to the sum of the 
vapour pressures of the separate liquids. 

144 . The Cryophorus.—The old experiment of causing 
water to freeze by its own evaporation is an interesting applica¬ 
tion of the laws of vapour pressure. The cryophorus (Fig. 99) 
consists of two glass bulbs A and B, joined together by a rather 
wide glass tube. The apparatus is freed from air, but contains 
a little water and, of course, water vapour. If the water is shaken 
into A, wliich should be wrapped in flannel, and the bulb B is 
surrounded by a freezing mixture, the maximum vapour pressure 
in B is less than the maximum vapour pressure of the water in 
A. Some of the vapour in B condenses, lowering the pressure 
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in the apparatus, which is thus reduced below the maximum 
vapour pressure of the water in A. Some of the latter there- 
fore, evaporates, abstracting the latent heat required from the 
water still left in A, which thus cools. If the experiment is 
allowed to continue, the water in A will eventually freeze 
145 . Atmospheric Phenomena: Mist and Dew.—The 
atmosphere always contains water vapour, drawn from* ponds 
and rivers, etc. If the air cools, a temperature will ultimately 
be reached at which the pressure of the water vapour actually 
in the air is the saturation pressure for that temperature If 
the cooling continues further, the pressure of the aqueous 
vapour must fall to the saturation value corresponding to the 
lower temperature—that is, some of the vapour must con¬ 
dense to the liquid form. If this takes place throughout the 
mass of the air, the minute drops of water formed constitute 

a mist if near the surface of the earth, or a cloud if in the 
upper atmosphere. 

The cooling may, however, be only local. Thus, if a cold 
object IS introduced into moist air which is near its saturation 
point, the air actually in contact with the object will be cooled 
telow Its saturation point. In this case the moisture is 
deposited on the cold body, and is known as dew 

In the evening, especially if the sky be cloudless, the surface 

more rapidly than the air above it, giving 
olf Its heat into space by a process known as radiation (§ i c6f 
As the air is itself also cooler than in the daytime, and there^ 

ore nearer the saturation point, conditions are favourable for 
tne formation of dew. 

The temperature at ujhtch the aqueous vapour present in a 
gtven volume of atr ivould be sufficient to saturate it if the air zvere 
cooled at constant pressure is knoivn as the dew-point. 

Dressure,‘'t"»P°'"‘ 

biTform . obviously write this definition in the follow- 

cxTr/fTtu'”* " temperatux^ for which the pressure actually 
tZsure^ maximum vapour 

the^taiuraU^nvapour in the atmosphere is at 
trary some wiir‘" absorbed. On the con- 

thus 'a sene f be deposited on any cool object, and 

other han^f'^the dampness wil/be felt. ' On the 

, f the pressure of aqueous vapour in the atmo- 
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sphere is much below its saturation pressure for the tempera¬ 
ture, water will readily evaporate to supply the defect, and the 
air will feel dry. The wetness or dryness of the atmosphere 
thus depends not so much on the absolute amount of water 
vapour present in the air as on the amount by which it falls 
below the quantity necessary for saturation. 

T'Ae kygromeiric state of the air is defined as the ratio oftJu mass 
of aqueous vapour present in a given volume of the air, to ike mass 
necessary to saturate that volume at the actual temperature. 

Since the mass of a given volume of gas is proportional to 
its pressure, we may also define the hygrometric state of the 
air as the ratio of the pressure of aqueous vapour in the air to 
the saturation pressure at the temperature of the atmosphere. 
The hygrometric state of the air is generally known as the 
relative humidity, and for meteorological purposes is usually 
expressed as a percentage. Thus, if the pressure of aqueous 
vapour on a day when the temperature is 15* C. is found to be 
6*5 mm., then, since the saturation pressure at 15*C. is 12*7 mm , 

the relative humidity of the air would be stated as ■, that 

I 2*7 

is, 041, or more usually as 41 per cent. 

Instruments for measuring the quantity of aqueous vapour in 
the atmosphere at any particular time and place are known as 
hygrometers. 

The actual mass of aqueous vapour contained in a given 
quantity of air can be determined directly by chemical 
methods. The air is aspirated slowly through weighed tubes 
packed with phosphorous pentoxide or some other substance 
which absorbs water vapour. The volume of air passing 
through the tube is ascertained by measuring the amount of 
air which has entered the aspirator. The mass of aqueous 
vapour contained in this air can be found from the increase 
in weight of the absorbing tubes during the experiment. 
From these figures the mass of water vapour per cubic metre 
in the air, at the time of the experiment, can be calculated. 
This is known as the absolute himiidity of the atmosphere 
at the time of the experiment. Tables have been dra^vn up 
showing the mass of aqueous vapour present per cubic metre 
of saturated air at different temperatures. If the temperature 
of the air has been taken, the mass required to saturate it can 
be ascertained from these tables, and the relative humidity 
calculated. 


217 


PROPERTIES OF VAPOURS—HVGROMETRY 

The process is long, as a considerable amount of air must 

be passed through the apparatus to obtain a weighable amount 

of water vapour, and the apparatus is somewhat cumbersome. 

A method based on the determination of the dew-point is 
usually adopted. ^ 

147 . Dew-Point Hygrometers.—We have already seen that 
dew begins to be formed when the air is cooled to such a 
temperature that the pressure of the aqueous vapour already 
m the air is the maximum vapour pressure for that temperature, 
tables have been drawn up (from which the graph in Fig. 07 
w^ plotted) giving the maximum vapour pressure of water for 
different temperatures. Hence, if we know the temperature 
at which dew begins to be formed, 

we from the tables find the 
maximum vapour pressure at that 
temperature. This is the actual 
vapour pressure in the atmo¬ 
sphere at the time of our experi¬ 
ment. For instance, the pressure 
of water vapour at 5® C. is 6*5 mm. 

Hence, if on a given occasion we 
find that the dew-point is 5® C., 
we know that the pressure of the 
vapour in the atmosphere at that 
time is 6-5 mm. If the tempera¬ 
ture of the atmosphere is taken, 
we can from the same tables find 
the maximum pressure of aqueous 

temperature. The hygrometric state or relative 
umidity IS the ratio of these two quantities. Thus we have 
Relative humidity 

=_ saturati on pressure at the dew-point 

saturation pressure at the actual temperature of the air 

(vd of dew-point hygrometer is that of Daniell 

■ r of two bulbs A and B, connected by a 

bulh A ^*T • from air, but contains ether in the 

r,]---*0 fact a sort of cryophorus, with ether in 
is wrT ^ water. To work the instrument a piece of muslin 
raniH round B, and ether is poured upon it. The 

B ether cools the vapour in the bulb 

. nd more ether evaporates from A, thus lowering the 
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temperature there. The actual temperature of A at any 
moment can be measured by a thermometer enclosed in the 
bulb. As soon as a mist is seen to form on A (which is 
generally blackened to make the observation more easy), the 
temperature of the thermometer is taken. The apparatus is 
allowed to warm, and the temperature at which the mistiness 
disappears is noted. The mean of these two temperatures is 
taken as the dew-point. The normal temperature of the air 



is given by a thermometer T, attached to the stand of the 
apparatus. 

The instrument is not very satisfactory. It is difficult to 
make the rate of cooling sufficiently slow to enable the point 
at which dew begins to form to be obtained with any 
accuracy. It is also necessary for the observer to stand near 
the apparatus, and his breath may seriously alter the hygro- 
metric state of the air in the neighbourhood. Further, as 
glass is a very bad conductor of heat, the ether inside the 
bulb A may be at a considerably lower temperature than the 
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outer surface of the bulb in contact with the air. The 
thermometer in A will therefore record a temperature below 
the dew-point. 

The most accurate dew-point hygrometer is that of 
Regnault (Fig. loi). It consists of a thin-walled silver test- 
tube. which is brightly polished on the outside, so that the 
slightest trace of dimness, due to the formation of dew, 
may be detected. A metal tube runs down almost to the 
bottom of this test-tube through the cork, w'hile a side tube 
leaves the test-tube near the top. Ether is poured into the 
tube, and by connecting the side tube with an aspirator a 
steady current of air can be drawn through it. By regulat¬ 
ing the flow of the air by means of a tap, the rate of evapora¬ 
tion of the ether, and hence its rate of cooling, can be 
adjusted with the greatest nicety. A thermometer passing 
through the cork into the ether indicates the temperature. 
Since silver is a good conductor of heat there will be 
no appreciable difference between the temperature of the 
outside of the silver test-tube and the etlier. The ether 
is cooled until the first signs of. mistiness appear on the 
silver tube. To facilitate the observation, a second silver 
test-tube, similar to the first, but containing no ether 
and no air tubes, is usually attached to the apparatus. A 

thermometer in this tube gives the temperature of the 
atmosphere. 

The ether is cooled through another degree or so after dew 

first forms, the current of air is then stopped, and the 

apparatus allowed to warm. The temperature at which the 

l^t traces of dew disappear is observed. If the cooling has 

been sufficiently slow, this should not differ by more than a 

traction of a degree from the reading obtained when the 

apparatus was cooling. The mean of these two temperatures 
is the dew-point. 

There is no need for the experimenter to approach the 
appamtus during the experiment. If desired, the tubes may 
be observed through a telescope. The dew-point and the 
atmospheric temperature having been obtained, the relative 

de^ribed the tables in the way already 

148 . The Wet-and-Dry Bulb Hygrometer.—Two similar 

“ottnted together on a stand. One of 

em has its bulb surrounded by a muslin bag which is kept 
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A A 


moist by a wick dipping into a small vessel of water (Fig. 102). 
Unless the atmosphere happens to be saturated, water will 

evaporate from the muslin, and in doing so 
will cool the enclosed thermometer bulb, 
which will therefore record a lower tempera¬ 
ture than the other. The difference between 
the two readings will depend on the rate at 
which evaporation is taking place, and this will 
in turn depend on the degree of unsaturation 
of the atmosphere. On a damp day evapora¬ 
tion will be slow, and hence there will be little 
difference between the readings of the two 
thermometers. On the other hand, if the air 
is very dry, evaporation will be brisk and the 
difference correspondingly great. Thus we 
can see, in a general sort of way, that the 
greater the difference between the readings 
of the two thermometers, the lower will be 
the dew-point. Kmpirical tables are drawn 
up giving the dew-point in terms of the tem¬ 
perature of the dry thermometer, and the 
difference between the two thermometers. 
These tables are supplied with the apparatus. 
On account of its simplicity, and the rapidity 
with which observations can be made, this 
wet-and-dry bulb hygrometer is the one generally employed 
by meteorologists. 



Fig, 102.—Wet- 
and-Dry Bulb 
Hygrometer. 


1. The dew-point is found to be 15® C. on a day when the 
temperature of the atmosphere is 25® C. Calculate from the 
table in § 141 the relative humidity. 

2. What is the relative humidity if the temperature of the 
air is 15® C. and the dew-point is 5® C. ? 

3. A quantity of hydrogen collected over water occupies 
350 C.C., the temperature being 15® C. and the pressure 
742-7 mm. of mercury. Calculate the volume of dry 
hydrogen at normal temperature and pressure. 

[The gaseous pressure is the sum of that due to the 
hydrogen and that due to the water vapour (Dalton’s 
law). Hence pressure due to hydrdgen alone =s 
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742*7 mm. — maximum pressureof aqueous vapour 
at 15° C. 

= 742*7 —12*7 = 730 mm. 

Vol. of dry hydrogen at N.T.P. 


273 


730 


^35oX - ^ X^=3i8*7 c.c.] 


4. A mass of oxygen standing over water measures 400 c.c., 
the temperature being 20*^ C. and the pressure 750 mm. 
What is the volume of the dry oxygen, measured at N.T.P. ? 

5. A flask, which contains sufficient water to keep the space 
saturated, is securely corked when the pressure is 755 mm. of 
mercury and the temperature is 17*" C. What will be the 
pressure in the flask if it is heated to 100° C. ? The vapour 
pressure of water at 17® C. is 15 mm. 


[Pressure of air in flask at 17® C. (290® A.) = 7 55 — 15 mm 

= 740 mm. 

Pressure of air at 100® C. (373® A.)=74oX^^ 

290 

=952 mm. 

Pressure of sat. water vapour at 100® C. = 76o mm. 

• Total pressure=952 + 76o=i7i2 mm.j 
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CONVECTION, CONDUCTION, AND RADIATION 


149 . The Transference of Heat.—We have already seen 
that heat may pass from one body to another. We have now 
to consider the processes by which this transference can be 
made. They are found to fall into three classes, which may 
be illustrated by the following experiments : 

(i) Take a flask of water (Fig. 103), 
place a few crystals of permanganate of 
potash at the bottom, and heat the 
bottom of the fiask gently with a bunsen 
burner. It will be seen that the water 
at the bottom of the flask, which is 
coloured purple by contact with the 
crystals, rises up through the upper 
layers, and becoming cool through 
contact with the cold upper layers 
descends again down the sides of the 
flask. The warm water, being less 
dense than the cold, rises to the surface, 
taking with it the heat it has absorbed 
from the flame. 

The process in which heat is conveyed 
from one part of a body to another by the 
actual motion of the heated substance from 
— i- .■ place to place is termed convection. 

Currents in a Liquid. Convection can obviously only occur 

in liquids and gases. 

(2) Place one end of a poker in the fire. After a little while, 
the other end begins to feel warm. Heat is transferred from 
the hot end to the cold through the solid metal, though obvi¬ 
ously there has been no motion of the metal particles along the 
jjoker. The sense of touch will be sufficient to show that the 
poker becomes hotter the nearer we approach to the hot end. 

223 
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The process hy ivkich heaf is transferred from one part of a 
body to another^ ^without any transference of the particles of the 
bodyy and in which the intermediate portions of the body become 
luated to intermediate temperatures^ is called conduction. 

(3) If a red-hot ball is suspended inside the receiver of an 
air pump, a sensitive thermometer placed outside the receiver 
will show a rise in temperature. If the air is now rapidly 

exhausted, the thermometer will 
still be affected, although there is 
no material substance between 
the ball and the thermometer by 
which the heat could have been 
conveyed from the one to the 
other. Similarly, heat reaches us 
from the sun, although the space 
between the earth and the sun is 
believed to be a vacuum. 

The process by which heat is 
transferred from one place to 
another 7vithout the action of any 
maternal medium is called radia¬ 
tion. 

150 . Convection.—Convection 
depends on the fact that sub¬ 
stances change in density when 
heated. Convection currents on 
a huge scale play a large part in 
nature. The Gulf Stream is a 
convection current on a large 
scale. The water in the Gulf of 
Mexico is warmed by the tropical 
Fig. 104 .— Heating a Building being displaced by the 

by Convection of Water. cooler and therefore denser water 

from the polar regions, flows out 
a stream across the Atlantic. Winds are conv’ection 
currents in the atmosphere. In practice, convection is used 
or heating buildings by means of hot-water pipes. The 
apparatus is shown diagrammatically in Fig. 104. The boiler 
IS usually situated in the basement and a pipe C runs as 
airectly as possible to the top of the building. The return 
pipe KR IS carried round the rooms to be heated, and is 
ere ore much longer than the pipe C. As the hot water 
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is giving out heat all the time to its cooler surroundings the 
water in the return pipe is cooler and therefore denser than 
that in the pipe C. 

The pressure in the boiler due to the water in R is there¬ 
fore greater than that at the same level due to the water in C. 



T 

C 


1 



Fig. 105. —Laboratory 
Experiment on Con¬ 
vection Currents. 


Owing to this difference in pressure a 
constant circulation of water is kept up 
in the direction of the arrows. The 
process can be illustrated on a small scale 
in the laboratory by the apparatus shown 
in Fig. 105, which is lettered to corre¬ 
spond with Fig. 104. The draught up a 
chimney where a fire is burning is main¬ 
tained in exactly the same way. 

151 , Conduction.—Different substances 
differ enormously in their power to con¬ 
duct heat. Thus, if one end of a short 
copper rod is heated in a blow pipe flame, 
the other end soon becomes too hot to 



Fig, 106.— To illusErate Thermal 
Conductivity. 


hold. If, however, the experiment is repeated with a glass 
rod the latter can be held without discomfort at a point 
within an inch of the flame. 

Consider a parallel-sided slab of solid such as is shown in 
Fig. 106, and let us suppose that the back face is kept at a 
constant high temperature, while the front face is maintained 
at some constant lower temperature. Heat will flow through 
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the slab from the back to the front. Since the conditions are 
the same the amount of heat passing across each square 
centimetre of the surface will be the same. The total 
quantity of heat passing through the slab will, therefore, be 
proportional to the area of the face. If the thickness of the 
slab is increased the heat will pass through it less readily. On 
the other hand, if the difference between the temperatures of 
the two faces is increased the flow of heat will be greater, just 
as the flow of water from one reservoir to another increases 
with the difference in level between the two reservoirs. 

The quantity of heat flowing through such a slab is 
(a) directly proportional to the time /; 

(^) directly proportional to the area A of the face ; 

(c) directly proportional to the difference in temperature 
- ^1) between the two faces; 

(</) inversely proportional to the thickness a of the slab- 

The quantity of heat Q passing between the two faces is 
therefore proportional to 

A. /. (^2—^1) 

a 

We can write this equation in the form 

Q = K . ^ ^ • (^2 ^1) 

a 

where K. is a constant which depends only on the material 
of which the slab is made. K is called the conductivity 
of the substance. 

The thermal eonductlvity of a substance is the quantity of heat 

which passes in untt ttme betuueen the opposite faces of a cube of 

unit dimensions zvhen the faces are maintained at unit difference 
of temperature, 

15 ^ Flow of Heat along a Bar.—Suppose we take a long 
iron bar (hig. 107) having a series of holes drilled in it at 
regular intervals, into which thermometers can be placed to 
indicate the temperature at different points of the bar. Let 
one end of the bar be heated to a constant temperature by 
being immersed in a bath of molten lead. The thermo- 
nearest the bar begins to rise in temperature and is 
ollowed in succession by the thermometers farther from 
the heated end. Eventually, however, if the heating is 
continued, each of the thermometers assumes a constant 
temperature, which decreases as we pass farther away from the 
IS 
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source of heat, until finally, if the bar is long enough, the 

temperature of the last thermometers is not perceptibly above 

the temperature of the air. The readings of the thermometers 

in this steady state are indicated by the dotted curve in the 
figure. 

Now although the thermometers have ceased to rise it 
must not be supposed that conduction has ceased. The 
bar as a whole is above the temperature of the air, and hence 
is giving off heat from every part of its surface by the pro¬ 
cesses of convection and radiation. Since the temperature of 
the different parts remains constant, this loss of heat must be 
made up for by conduction along the bar from the heated end. 



The temperatures of the different parts will be steady when 
the heat supplied to them by conduction along the bar is 
exactly equal to the loss of heat by convection and radiation 
into the air, and by conduction to the colder parts of the bar 
beyond. 

If the bar is a bad conductor the flow of heat along it 
will be very slow, and much of the heat will be lost before 
reaching a given point X. If, however, the bar is a good 
conductor the flow of heat will be so rapid that the loss of 
heat from the surface will be comparatively small, and X will 
reach a temperature more nearly approaching that of the bath. 
Thus, if other conditions are the same, the temperature at a 
given distance from the heated end will be greater in a good 
conductor than in a bad one ; or, in other words, the distance 
which we have to travel along the bar before the temperature 
falls by a given number of degrees will be greater in a good 
conductor than in a bad one. It can be shown theoretically 
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that this distance is proportional to the square root of the 
thermal conductivity of the substance, as defined above. 

This result forms the basts of an experiment for comparing 
the conductivities of different substances. The apparatus, 
which is known as Ingen-Hausz's apparatus, is shown in 
Fig. io8. Several bars of exactly the same dimensions, but 
of different materials, are soldered into the side of a rect¬ 
angular trough which can be kept at ioo“ C. by boiling 
water. The bars are all coated with a thin layer of paraffin 
wax. The wax melts at about 52" C., and the line of division 
between the solid and the liquid wax, which can easily be 
seen, marks the spot on each of the bars where the tempera¬ 
ture is exactly 52“ C. The water is made to boil, and the 
wax begins to melt on each of the bars. When the line 
between the melted and solid wax ceases to move, that is 
when the bars have reached * 


the stationary condition, the 
distance of this line of separa¬ 
tion from the box can be 
measured on each of the bars. 
If the bars are made respec¬ 
tively, say, of copper, iron, 
lead, and bismuth, it will be 
found that the distance along 
the copper for which the wax 



Fig. 108. —Comparison of Thermal 
Conductivities. Ingen- Hausz’s Ex¬ 
periment. 


IS melted is rather more than twice that along the iron bar 
three times that along the lead bar, and seven times that on 
the bismuth. The conductivities of the metals are pro¬ 
portional to the squares of these numbers. 

153 . Temperature Waves along a Bar.—If the apparatus is 
closely watched it will be found that the rate at which the line 
of melted wax moves along the bars is very different in 
1 erent cases, and that it is not necessarily the best con¬ 
ductor which IS first affected by the heat from the tank. 

beginning of the experiment the line between 
melted and unmelted wax begins to move along the 

along ‘he iron bar, 

although Its final position on the latter is about three times 

'The rate at which the 

diffuslTdtv ^ along the bar is known as the temperature 

_ j .. substance. It depends not only on the 

conductivity but also on the specific heat. ^ 
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Consider the moment when the heat begins to reach some 
point X in Fig. 107. Before it can be passed on over the other 
face Y of the small section of the bar XY, it must first raise 
the temperature of the solid included between those two 
faces. This will absorb a quantity of heat which will depend 
on the mass of the section XY and on its specific heat. If 
the substance is of high density and large specific heat, a 
considerable amount of heat will be absorbed in raising its 
temperature, and some time will elapse before the heat begins 
to pass in appreciable amounts over the farther surface Y. 
The rate at which the temperature travels along the bar will 
therefore be small. If, on the other hand, the density is low 
and the specific heat small, very little heat will be absorbed, 
and the temperature will be transmitted quickly across the 



Fig. 109. —Experiments to illustrate the Conductivity of 

Copper Gauze. 


section. The rate at which the thermometers begin to be 
affected depends therefore on the conductivity, the density, 
and the specific heat. When the bar has reached its steady 
state, no heat is absorbed in the bar itself, since the tempera¬ 
ture of every part of it now remains constant. Hence, as we 
have already seen, the final temperature at any point depends, 
for bars of given dimensions and with surfaces of similar 
character, only on the thermal conductivity. 

154 . The Davy Safety Lamp.—In order that an inflammable 
gas may burn in air, it must first be raised to a definite 
temperature known as the ignition temperature. If by any 
means the temperature of a mixture of the gas with air is 
kept below this temperature, it will neither bum nor explode. 
If a piece of copper gauze is pressed down upon a lighted 
bunsen burner, the flame appears only below the gauze and 
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does not penetrate the meshes. On the other hand, if a piece 
of gauze is held just above a bunsen burner, and the gas 
turned on, the dame may be lighted above the gauze, while 
the mixture of coal gas and air below the gauze does not 
catch fire (Fig. 109). The explanation is in each case the 
same. The copper gauze is a good conductor of heat, and 
conducts away the heat of the burning gases so rapidly that 
the inflammable mixture on the opposite side of the gauze 
has its temperature reduced below its ignition point, and 
hence is unable to burn. 

Suppose now we completely surround a lighted candle 



Fig. III.—The Davy 
Safety Lamp. 


(Fig. 110) with a cylinder of copper gauze. Since the air 
can make its way readily through the meshes the candle will 
continue to bum. If now we allow the mixture of air and 
coal gas from a bunsen burner to play upon the walls of the 
cage, the gas which enters the cage will be ignited by the 
candle, and will burn, but the conductivity of the copper 
gauze will be sufficient to keep the inflammable mixture 
outside the cage below its ignition point, and there will be 
no flame outside the cage. This is the principle of the well- 
known Davy safety lamp (Fig. iii). The atmosphere of 
some coal mines contains an inflammable gas (methane, or 
fire-damp), and if a naked light is introduced a disastrous 
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explosion may occur. To prevent this, the holes through 
which the air necessary for the combustion of the oil lamp 
is admitted, and also the holes by which the burnt products 
escape, are covered with a double layer of copper gauze, so 
that the only contact between the air inside the lamp and the 
outer atmosphere is through the gauze. If fire-damp is 
present in the mine, it enters the lamp and burns inside 
with a bluish flame, but the temperature is prevented from 
extending to the gas outside the lamp by the cooling action 
of the intervening gauze. To prevent the temperature of the 
latter from rising too high, it is soldered to the massive brass 
base and cap of the lamp. In this way a very large heat 
capacity is ensured. 

155 . Conductivity of Liquids and Oases.—Liquids, with 
the exception of mercury, which is a metal, are bad conductors 
of heat. In making experiments on the conductivity of 
liquids it is necessary to eliminate the convection currents 
by which liquids are usually heated. This may be done by 
heating the liquid from above. The heated liquid being less 
dense than the cooler, remains floating above it, and con¬ 
vection does not occur. The low conductivity of liquids 
makes accurate measurements very difficult. It can, however, 
be illustrated by a well-known experiment. A thin-walled 
test-tube is nearly filled with ice-cold water, and a lump of 
ice, weighted with copper gauze, is allowed to sink to the 
bottom. By holding the test-tube in an inclined position 
the upper part of the water can be heated by a bunsen 
burner. The water on the surface can be made to boil, 
while the ice at the bottom is very little affected by the heat. 
It is thus evident that water is a very poor conductor of 
heat. 

The conductivity of gases is even less than that of liquids, 
the conductivity of air being less than one ten-thousandth of 
that of copper. 

156 . Radiation.—Radiation differs from the two modes of 
heat transference which we have been considering, in not 
requiring the presence of a material medium for the propaga¬ 
tion. In fact, a material medium not only does not assist, 
but invariably obstructs, more or less completely, the trans¬ 
ference of heat by radiation. Thus the heat reaching us 
from an inconveniently hot fire, which is mostly conveyed to 
us by radiation, can be very greatly reduced by interposing 
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a screen between ourselves and the fire. The protection 
against the direct heat of a summer sun, afforded by the 
shadow of a wall or tree, is another illustration. Some sub¬ 
stances, however, transmit the radiant heat more or less 
freely. Thus the atmosphere between ourselves and the 
sun allows us to receive an appreciable amount of the radiant 
heat from the sun, although the thickness of the layer of air 
interposed is great enough to produce a pressure of 15 lb. 
on every square inch. 

Substances mhich alloTv radiant heat to pass through them are 
called diathermanous. 

A vacuum is completely diathermanous—that is to say it 
stops none of the radiant heat passing through it For 
ordinary purposes we may regard air as being almost com- 
pletely diathermanous. Careful experiments have shown 
tlMt a column 4 feet long of air at atmospheric pressure cuts 

through itradiant heat passing 

Substances which absorb the radiant heat falling on them, and 
thus prevent tts transmission, are called adiathermanous. 

The great majority of solids and liquids are adiathermanous 
Radiant heat travels in straight lines with an enormous 
velocity (187,000 miles per second). The laws governing 
Its behaviour in this radiant state will be better understood 
when we have considered the behaviour of light, to which 

" particular k/nS 

eves ^ whh*^tK ‘o be capable of affecting our 

eyes with the sensation of vision. We may regard the 

chapters on light as being an account of the properties of 

radiant heat. The subject is considered more fu'^Iy'^^g 'sf 

In the present chapter we shall only consider radiLion in its 

~orprm -bstances_that is to say, its emission 

157 . Emission of Radiation.—Radiant heat may be in 
vestigated by the use of the differential air thermometer 

^amp black so if® "bb a layer of 

diffcrf-rtf • •* bulbs are receiving radiation of 

mt2s rrd the"'inr’ u f "i'l risJ’ at different 

recei’vine the depressed on the side which is 

g the largest amount of radiation. The instrument is 
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not capable of very accurate work, and has been displaced by 
electrical instruments known as thermopiles. These are 
described in detail in § 361. 

As a source of radiation a tin cube filled with boiling 
water is often employed in the elementary laboratory. 
This is known as a Leslie’s cube. To study the emission 

of heat we may treat the four vertical sides of the cube 

in different ways. For example, one may be covered with 
lamp-black, another with white paper, a third with varnish, 
and the fourth may be polished. 

Suppose now we place the 
cube full of boiling water be¬ 
tween the bulbs of the differen¬ 
tial thermometer (Fig. 112), so 
that the blackened face is oppo¬ 
site one bulb and the polished 

face opposite the other. The 

depression of the index of the 

thermometer will at once show 
that the bulb opposite the 

blackened face is receiving 

more radiation than that which 
faces the polished one. Thus 
under the same circumstances 
a lamp-blacked surface radiates 
heat more rapidly than a 
polished one. 

— ^ . ... emissive or radiatinr 

trate the Emissive Powers of oj a surface ts- defined 

Different Surfaces. as the quantity 0/ heat radiated 

from one square centimetre of the 
surface in one second for unit difference of temperature bet^veen 
the surface and its surroundings. It is also known as the 
emissivity of the surface. 

As we have seen, the emissive power of a lamp-black 
surface is much greater than that of a polished tin surface. 
In general dark matt surfaces are good radiators, and polished 
metal ones very poor radiators. 

The rate of emission of heat by a radiating surface is 
directly proportional to the area of the surface. It also 
depends upon the temperature, increasing rapidly with 
increase of temperature. 
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158 . Absorption of Radiation.—The absorption of radiant 
heat by different surfaces can also be investigated with similar 
apparatus. Suppose that one of the bulbs of the differential 
thermometer is coated, as before, with lamp-black, while the 
other is silvered, and let two opposite surfaces of the Leslie's 
cube be coated with lamp-black. If the cube is then placed 
with its two lamp-black surfaces facing the bulbs of the 
thermometer, it will be found that the bulb which is coated 
with lamp-black becomes hotter than that which has been 
silvered. But the two surfaces of the cube are radiating at 
the same rate, and hence the lamp-blacked surface must 


TEMP. 



absorb a greater proportion of the radiation falling upon it 
than the silvered surface. We see that lamp-black is a better 
absorber of radiant heat than a polished metal one. Good 

^f^sorbers of radiant heat. 

Prevost s Theory of Exchanges^—Kvery substance is 
constantly emitting radiant heat at a rate which depends, in 
the first place, upon its temperature. If we allow a body to 

n 2 j temperature at equal intervals of time, we 

snail find that at first the temperature falls rapidly, then more 
an more slowly, until, when the body has reached the 
emperature of its surroundings, all cooling ceases. The 
urye obUmed by plotting the temperature of a cooling body 
against the time is known as a cooling curve. Fig. 113 gives 
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the shape of a cooling curve for a substance which does not 
change its state during the process. Since the temperature 
of the body becomes stationary at that of its surroundings, 
it might at first sight appear that radiation from it had 
ceased. This, however, is not the case, for if we lower the 
temperature of the surroundings that of the body begins 
immediately to fall again. As it does not seem at all prob¬ 
able that the power which a body possesses of radiating 
heat can depend in any way on the temperature of other 
bodies with which it is not even in contact, we must conclude 
that all bodies are radiating heat at all temperatures. The 
cooling body attains a steady temperature when the radiation 
which it emits is exactly equal to the radiation which it 

absorbs from its surroundings. 
This conclusion is the founda¬ 
tion of what is known as Prevost^s 
theory of exchanges. 

Consider now a ball A of one 
substance cooling inside a com¬ 
pletely closed vessel of some 
other material B (Fig. 114). At 
first the hot body will give out 
more radiation than it receives 
from the enclosure (since it is 
at a higher temperature), and 
its temperature will fall. Some 
of this radiation will be absorbed by the surface of B, and 
the temperature of the latter will rise. 

Since a given body radiates heat more rapidly at a high 
temperature than at a low, the radiation given out by A will 
become less, and that given out by B will become greater, 
until finally the heat given out by either of the bodies will 
exactly equal that which it absorbs. The temperature of 
each will then become constant, and we know from experiment 
that this temperature will be the same for both. 

Now we have seen that some surfaces emit heat radiation 
much more rapidly than others at the same temperature. 
Suppose, for example, that the ball A is covered with lamp¬ 
black, while the enclosure is of polished metal. The ball 
will be radiating heat far more rapidly than the metal en¬ 
closure. If it were only absorbing it at the same rate as the 
latter its temperature would fall below that of the enclosure. 



Fig. 114.—Theory of Exchanges. 
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As this does not occur it is obvious that the surface which 
IS a good emitter of radiant heat must also be a good 
absorber of radiant heat, and, indeed, that the two processes 
must exactly balance each other at any given temperature. 

Hence, the absorbing potuer of a surface is equal to its emissive 
power —an important result. 

We can demonstrate this relation by an experiment. The 

glass bulbs of a differential air thermometer (Fig. ne) are 

replaced by two equal and similar flat rectangular tin boxes, 

one of which has its surface polished, while in the other it 
IS covered with lamp-black. A 

Leslie’s cube filled with boiling 
water is placed between the two, 
and at equal distances from each. 

If the surfaces of the cube facing 
the two boxes are of the same 
material and polish, the index of 
the thermometer will be depressed 
on the side nearer the blackened 
box. showing that lamp-black is a 
better absorber of radiation than 
the polished tin. If, however, the 
cube is arranged so that its polished 
tin surface is immediately facing 
the blackened box, while a lami>- 
blacked surface is immediately g a 

facing the polished one, there will ^ 

be no movement of the index —Experiment to ilius- 


r 



the Kelation between 
Emission and Absorption. 


be no movement of the index, 
thus showing that the two boxes, 
which form the bulbs of the 

same" rate "^^8 - temperature at the 

surface u '.. absorbing power of the blackened 

o^'^The n compensated by the small emissive power 

of the polished surface of the cube, and conversely thus 
verifying our deduction from Prevost’s theory 

meter°(F^v'?°6f CooUng.—Suppose a small calori- 

mrd, ® ''d. is suspended by fine 

sr^hat surroi^nded by Lter. 
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surface. If a thermometer is inserted in the water, the 
temperature can be recorded at equal intervals of time, and 
a curve can be plotted showing how the temperature varies 
with the time. This is known as a cooling curve (Fig. 113). 
The rate at which the calorimeter and its contents are cool¬ 
ing at any given temperature can be found by drawing the 
tangent to the cooling curve at the corresponding point, 
in the same way that the speed of a body at any instant is 
obtained by taking the tangent to the space-time curve (§ 9). 
If we deduce the rate of cooling from the curve for a series 
of different temperatures we shall find that the rate at which 



Fig. 116.—Measurement of the Specihc Heat of a Liquid by the 

Method of Cooling. 


the body is cooling is proportional to the difference between 
its temperature at the moment and the constant temperature 
of the enclosure in which it is suspended. This observation 
was first made by Newton. 

Newton's Law of Goolini;.—The rate at which a given 
vessel loses heat is proportional to the difference of tempera¬ 
ture between the vessel and its surroundings. 

The rate of cooling depends also, of course, on the area and 
nature of the surface. If the calorimeter in the previous experi¬ 
ment is covered with lamp-black, it will be found to cool much 
more rapidly than if it is brightly polished. It is, however, 
independent of the nature of the contents of the calorimeter. 
The law is only true if the difference in temperature between 
the vessel and its surroundings is not too great. 
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t>y the Method of Oool- 
^.—These results can be applied to determine the specific 

heat of a liquid. Suppose we obtain the cooling curve for a 

given calorimeter, such as that shown in Fig. 116, when three 

parts filled with water, and, again, when three parts filled with a 

liquid of specific heat r. The rate of loss of Aea/ for a given 

difference of temperature between the calorimeter and its 

therm^ capacity, produced by substituting 
the liquid for water, the same loss of heat will, however^ 
produce a different fall of temperature in the two cases so 
that one of the cooling curves will be steeper than the other 
I-et us suppose that the calorimeter with the water in it 
takes seconds to cool from a temperature /, to a tempera¬ 
ture /g, while with the liquid it cools through the same range of 
^mperature m seconds. If is the mass of water. J thl 

me hf. equivalent of the calorimeter, 

heat given out in the first case in one second will be 

+ "^X^i - i’ll) , and in the second (^2^+«>)(<•.-/,) 

since each of these quantities measures the rate of loss of heat 
tJ’iw vessel, with the same difference of temperature 

^me Hence"!!' surroundings, they must^e the 







CHAPTER VIII 

THE MECHANICAL THEORY OF HEAT 

162 . The Caloric Theory.—Until the beginning of the nine¬ 
teenth century it was generally believed that heat was a subtle 
fluid contained to a greater or smaller degree in all sub¬ 
stances. "I he particles of this fluid were supposed to behave 
like the particles in a gas, so that the heat would always tend 
to flow from a body where the pressure was high to one where 
it was lower. Some bodies had a smaller capacity for storing 
caloric than others, so that a given amount of the fluid would 
produce a greater pressure or temperature in one than in 
another. By the aid of various subsidiary hypotheses of this 
kind, it is possible to account more or less satisfactorily for 
most of the phenomena already described. 

There is, however, another class of effects which it is 
impossible to reconcile with the theory of caloric. If, for 
example, a brass button is sharply rubbed on a piece of cloth, 
the button becomes hot. Again, if a gas is quickly com¬ 
pressed, heat is developed, a phenomenon which may be 
observed by any one who has occasion to use an ordinary 
bicycle pump. These facts were, of course, known to the 
upholders of the caloric theory, who attempted to explain 
them on the assumption that the capacity of the rubbed body 
was diminished by the compression to which it was subjected 
during the rubbing, and that the heat was, so to speak, 
squeezed out of the body, like water from a sponge—that is to 
say, the thermal capacity of the body was supposed to have 
been decreased by the rubbing, an assumption for which there 
was no experimental evidence. 

163 , Experiments of Rumford and Davy.—Count Rumford, 
while engaged in boring cannon, was impressed by the large 
quantities of heat given off during the process. By pressing a 
blunt borer against the end of one of his small cannon he 
found that it was possible to raise the temperature of over 
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113 lb. of gun-metal by more than 70’ F. in a very short 
time» and with the production of an almost negligible amount 
of metallic dust. He showed, moreover, that the specific 
heat of the metal and of the dust was not sensibly altered by 
the process, and that, further, there seemed to be no end to 
the amount of heat which could thus be produced. 

By immersing the cannon and the borer under water he 
was able to make the latter actually boil. This disproved the 
suggestion that the heat in his earlier experiments might have 
been drawn from the surrounding air during the process of 
boring, as there could be no doubt that the boiling water 
contained more heat than the cold water with which he 
started. He argued that anything which an insulated system 
of bodies can produce without limitation cannot be a material 
substance, and concluded that heat must be some form of 
motion. 

Humphry Davy attacked the hypotheses of the calorists in 
a somewhat different way, by rubbing together two pieces of 
ice in a vacuum chamber. After a short time the ice melted, 
showing that a considerable quantity of heat had been com¬ 
municated to it during the experiment. Here there is no 
doubt that the water produced had a greater, and not a 
smaller specific heat than the substance with which the ex¬ 
periment was started. Hence the suggestion that the caloric 
was set free by a decrease in the thermal capacity of the sub¬ 
stances used was shown to be untenable. 

164 . Heat and Work : the Experiments of Joule.—Having 
thus disposed of the hypotheses of the calorists, it becomes 
necessary to ask whence comes the large amount of heat 
generated in these experiments of Rumford and Davy ? If we 
consider the experiments as a whole it will be seen that in 
each work is being done for which no mechanical 

equivalent is obtained. In the experiments of Rumford a 
considerable force was required to turn the borer round when 
pressed against the cannon, and hence a considerable amount 
01 work was expended on the system. Similarly, work was 
done by the mechanism used by Davy to rub the pieces of 
ice together. Since work disappears and heat is produced, it 
IS natural to assume that the production of heat is due to the 
work done ; in other words, that heat is one of the numerous 
lorms in which energy manifests itself. If this is the case 
there should be a stnct equivalence between the work done 



240 


MANUAL OF PHYSICS 


and the heat produced—that is to say, the quantity of heat 
obtained for the expenditure of a given amount of work should 
be a constant and independent of the method used for trans¬ 
forming the one into the other. 

The matter was first satisfactorily settled by the experiments 
of Joule, in which work was expended inside a calorimeter, 
by the friction of a set of paddles against the water in the 
apparatus. The heat generated was calculated from the rise 
in temperature of the calorimeter and its contents, and the 
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Fig. 117,—Joule’s Experiment. 


experiment was arranged so that the work done could be 
accurately measured. The apparatus is shown in a diagram¬ 
matic form in Fig. 117. A set of paddles AA . . . 
carried by a central axle can be made to rotate inside 
the copper calorimeter C. A set of vanes W . . . 
are soldered to the sides of the calorimeter to prevent the 
water from moving round as a whole under the action of the 
blades. The calorimeter contains a known mass of water, 
and the temperature was taken with a mercury thermometer 
reading to -s-JTj^th of a degree. The paddles are made to 
revolve by a weight W, attached to the end of a cord which 
is wound round the bobbin D, When the weight has reached 
the floor the bobbin and the axle can be disconnected by 
unscrewing the pin the weight wound up again, without 
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moving the paddles in the calorimeter, and the experiment 
continued. 


Neglecting the many corrections and precautions which are 
necessary to obtain a really accurate result, if C is the thermal 
capacity of the calorimeter and its contents, and / the rise in 
temperature, then the heat produced is C/. 

If the weight W has a mass m and falls a height h after each 
winding, and if it is allowed to fall n times during the experi¬ 
ment, the work done by the weight is n . mgh. Neglecting the 
small frictional loss at the pulley P, and the energy with which 
the moving weight strikes the ground (which can, however, be 
measured and allowed for), the whole of this work has been 
expended on the calorimeter without producing any mechani¬ 
cal effect, as the water which is set in motion by the blades 
rapidly comes to rest owing to the friction of the vanes. 
Performing experiments with different numbers of windings, 
and different amounts of water. Joule found that the ratio 
nmgh to C/, that is, the ratio of the work done on the 


calorimeter to the heat produced, was constant. 

The heat produced is thus the equivalent which we obtain 
for the energy which disappears, and is strictly proportional to 
It. In more exact language— 

IV/ien ivork zs completely transj'ormed into heat the heat 
produced zs mechamcally egui'valent to the zvork done, IThzs 
zs knoTvn as the first law of thermodynamics. 

7 *he ratio of the ivorh done to the heat produced is knozvn 
as the Mechanical Equivalent of Heat, or often as Joule's 
Equivalent. It is usually denoted by J. 

Hence if W is the work done and H the heat produced, the 
first law may be written in the form 


W = J . H. 

Strictly speaking, the experiment we have described only 
proves the equivalence between energy and heat when the 
conversion is made in one particular way, that is, by the 
motion of water. Later experiments by Joule and others 
ave, however, shown that exactly the same results are 
obtained when the transformation is made in other ways, as, 
for example, by the friction of silk on copper, as in Rowland’s 
experiments; the hammering of lead against sandstone, as in 
e experiments of Him ; and also when electrical energy is 
converted into heat by passing a current of electricity through 
z6 



242 


MANUAL OF PHYSICS 


a resistance wire (§ 359). The value obtained for the 
mechanical equivalent is always the same, no matter how the 
transformation is brought about. These experiments are of 
great importance, as they provide the most accurate experi¬ 
mental basis for the great principle of the conservation of 
energy. 

A very considerable amount of energy must be expended 
to produce one calorie of heat. Roughly speaking, 42,000,000 
ergs of work must be expended to raise i gram of water 
through 1“ Centigrade, or 778 foot-pounds of work are re¬ 
quired to raise i lb. of water i* F. The value of J, the 
mechanical equivalent of heat, is, therefore, 4-2 x 10^ ergs per 
calorie, or 778 foot-pounds per lb. degree Fahrenheit. 

165 . The Na'ture of Seati.—We have seen that heat is a 
form of energy. We have now to inquire what form the 
energy lakes in a heated body. We can see this most clearly 
if we consider the case of a gas kept at constant volume. 
If a gas is heated at constant volume, the pressure increases. 
Now the pressure on the walls of a vessel containing 
a gas is produced by the impact of the molecules of the 
gas against the walls. Since the number of molecules and 
their mass remains unaltered, an increase in pressure can 
only be produced by the molecules moving faster. If the 
velocity of the molecules is increased, then each molecule will 
cover the journey from one wall to the other in a shorter time 
than before, and hence the number of impacts per second will 
be increased. Further, if the velocity is increased, each 
molecule will strike the wall harder than it did before. For 
both of these reasons, therefore, an increase in velocity will 
produce an increase in pressure. Hence we see that the effect 
of heat on a gas must be to produce an increase in the velocity 
of the individual molecules. The heat energy in a gas, there¬ 
fore, takes the form of an increase in the velocity, and, therefore, 
in the kinetic energy of the individual molecules in the gas. 
It can be shown that in the case of a gas the absolute tempera¬ 
ture of the gas is directly proportional to the average kinetic 
energy of its molecules. All molecules, whatever their 
chemical nature, have the same average kinetic energy at the 
same temperature. The work spent in heating a gas thus 
reappears as increased kinetic energy of its molecules. 

In the case of liquids we have every reason to suppose that 
the heat energy takes a similar form. The molecules of a 
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solid are unable to move about as in the case of a gas or a 
liquid. We may, however, regard them as oscillating about 
their mean positions with a motion like that of a pendulum 
bob, or like a weight vibrating at the end of a spring. It 
is these oscillations which produce the sensation of tempera¬ 
ture. In a hot body the energy of the oscillations is large, and 
the velocity of the molecules in passing through their mean 
positions high. In a cold body the energy is less, and the 
velocity correspondingly reduced. 

166 . Change of State,—The molecules of a solid are held 
in position by molecular forces of considerable magnitude, 
which give rise to the various forms of elasticity. These forces, 
however, are only appreciable at very small distances from the 
mean position of the molecule. As the energy of the vibrat¬ 
ing moleculs is increased by heat, a point will come when the 
molecular forces are no longer sufficient to bring the molecule 
back again to its proper position, and the molecule therefore 
breaks away from its moorings in much the same way that 
a heavy weight which is oscillating at the end of a piece of 
elastic breaks away if the oscillations are made too large. When 
this happens to the molecules in a solid they no longer have 
any fixed position, the rigidity of the solid ceases to exist, it 
no longer has any fixed shape—in other words, it becomes 
a liquid. 

Conditions are now somewhat different. The molecules 
are free to move in the liquid, but owing to the closeness of 
the different molecules to each other they will not be able 
to move far without encountering other molecules. Their 
velocity will, however, increase as the temperature rises, the 
energy absorbed by the liquid being shared among the mole¬ 
cules. Now a molecule at the surface of the liquid is attracted 
inwards by all the molecules below it, this attraction giving rise 
to the phenomena of surface tension (§ 67). If, however, the 
molecule is not merely at rest on the surface, but comes up to 
it from below with a considerable velocity, this velocity may if 
the temperature is high be sufficiently great to carry it com- 
pletely out of range of the forces drawing it back. The mole¬ 
cule will then escape from the liquid into the space above, 
where it will behave as a gaseous molecule. The number of 
molecules so escaping in a given time will obviously increase 
as the average velocity of the molecules in the liquid—that 
is to say, the temperature of the liquid—increases. In the 
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be a constant loss from the surface 
of the hqmd which will increase with the temperature. 

* evaporation. As it is the faster-moving molecules 
behind escape, the average velocity of those left 

coolTd. decreased—that is to say. the liquid will be 

SDa®c?^°Thr'' " evaporating into a closed 

space. The molecules which leave the liquid will after 

repeated collisions with the walls of the chamber or with any 

gas molecules it may contain, eventually strike the liquid 

surface and be re-absorbed. As the number of molecules in 

the space increases, the number of such collisions with the 

liquid surf^e and hence the number re-absorbed will also 

increase. Eventually there will come a point when the 

number re-entenng the liquid in a given time is equal to the 

number leaving it. Conditions then become stationary, and 

the liquid is exerting its maximum vapour pressure. This will 

obviously depend only on the temperature. 

To understand the process of boiling we must consider the 
intenor of the liquid. For convenience, let us suppose that 
we have a minute bubble of air in the liquid. Evaporation 
will of cou^e take place into this bubble until saturation is 
reached. The size of the bubble will meanwhile increase 
until the pressure of the air and that of the saturated vapour 
are together equal to the pressure of the liquid around it—that 
IS, practically to the atmospheric pressure. As long as the 
saturation pressure of the vapour is less than the atmospheric 
pressure, this adjustment will always be possible. When, how¬ 
ever, the temperature of the liquid reaches the point where the 
saturation pressure is equal to the atmospheric pressure, it will 
be impossible to fulfil the conditions. The bubble will con- 
tmue to expand indefinitely, until at last it is sufficiently large 
to break from its moorings and rise to the surface. Assuming 
that we have a sufficient supply of these nuclei, a constant 
stream of bubbles will rise to the surface from all parts of the 
liquid. The liquid is boiling. 

166 .* Diffusion and Osmosis.—If a tall jar is half filled 
with a saturated solution of copper sulphate, and water is then 
poured very carefully into the jar, there will at first be a 
sharp line of demarcation between the two liquids. If, 
however, the jar is left to stand for some hours, it will be seen 
that the blue coloration is making its way up the jar, in spite 
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of the fact that the copper sulphate solution is considerably 
denser than pure water. The copper sulphate is diffusing 
through the water, and ultimately would be equally dis¬ 
tributed through it. 

The same process goes on with much greater rapidity in 
gases. If a little bromine is placed at the bottom of a tall 
gas jar, the dense reddish bromine vapour diffuses into the 
lighter air above it and can be seen gradually making its 
way up the jar. The bromine molecules are moving rapidly 
in every direction, and some of them move upwards and 
intermingle with the air molecules above them. Similarly 
the molecules of oxygen and nitrogen in the air diffuse 
downwards into the bromine vapour. The molecules are 
moving with very high velocities (about 450 metres per second 
in the case of oxygen), but owing to the innumerable collisions 
with other molecules the actual speed of diffusion is much 
less than this. A sprinter who can do his 100 yards in even 
time will not average this speed if he is trying to make his 
way through a football crowd. Since the kinetic energy 
of every kind of molecule is the same at the same 
temperature, the average speed of a molecule and hence its 
rate of diffusion will be inversely proportional to the square 
root of its molecular weight. This is known as Graham^s 
Zaw, and was discovered by direct experiment. In liquids 
the molecules are more closely packed than in gases, and 
hence the rate of diffusion is much slower. 

Graham further discovered that many animal and vegetable 
membranes allowed water to diffuse freely through them, but 
were impervious to substances like gum, gelatine, and starch, 
which he called colloids. Thus a bladder full of syrup, £f 
placed in water, will swell up, and may ultimately burst, 
owing to the diffusion of water through the membrane into 
the strong syrup. Conversely, a bladder full of water placed 
in strong syrup will gradually collapse as the water diffuses 
out. Diffusion through a membrane of this kind is known 
as osmosis. Osmosis is of great importance in physiology, 

as the walls of living cells are semi-permeable membranes of 
this type. 

In addition to allowing the diffusion of water, alcohol, 
and other solvents, these organic membranes also permit the 
passage of inorganic salts, acids, and bases (termed crystal¬ 
loids by Graham). It is possible, however, to construct 
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artificial membranes, of which gelatinous copper ferricyanide 
is the rnost useful, which stop the passage even of these 
crystalloids, and permit only the pure solvent to diffuse 
through. It appears to be mainly a question of the relative 
sizes of the molecules and the pores in the membrane. The 
molecules of the pure solvent are small and pass freely 
through the pores in the membrane. The molecules of 
dissolved salts are probably loaded with a cluster of solvent 
molecules, and hence require a larger channel to transmit 
them. The molecules of colloids are mostly very complex, 

often containing hundreds of atoms, 
and hence are still more easily 
stopped. 

If a small vessel, V, closed by a 
semi-permeable membrane M is 
completely filled with a solution 
of some substance to which the 
membrane is impermeable, and 
connected to a pressure gauge G, 
it will be found that, on immersing 
the vessel in water, the pressure 
gradually rises, until after some 
days it becomes steady at some 

value which depends on the nature 

^ ,, and concentration of the solution. 

Fig. 117A. Measurement ^ i 

of Osmotic Pressure. ^his pressure is known as the 

osmotic pressure of the solution. It 
is the pressure required to stop the diffusion of water into 
the solution through the semi-permeable membrane. The 
osmotic pressure even of dilute solutions is often quite large. 
Thus a solution containing one gram of sugar in a litre of 
water has an osmotic pressure of 53 cm. of mercury. 

For very dilute solutions the osmotic pressure obeys the 
ordinary gas laws—that is to say, it varies directly as the 
absolute temperature, and directly as the mass of solute per 
unit volume of solution. In fact the osmotic pressure is 
numerically the same as that which would be exerted by the 
dissolved substance if it were in the form of a gas, at the 
temperature and concentration existing in the experiment. 
Llectrolytes (§ 331), however, which split up in solution into 
two or three ions, give twice or three times the normal 
osmotic pressure. 
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■ Solutions having the same osmotic pressure are said to 
be isotonic. If a semi-permeable membrane separates two 
solutions which are isotonic, the osmotic pressure will be the 
same on both sides of the membrane, and there will be no 
resultant flow of solvent in either direction. If the osmotic 
pressures differ, solvent will flow from the solution of lower to 
that of higher osmotic pressure. Thus a cell immersed in 
pure water will expand until it bursts ; on the other hand, if 
immersed in strong salt solution, water will pass out from the 
cell, the contents of which contract or plasmolyse. Normal 
saline is a salt solution made up to have the same osmotic 
pressure as the contents of living cells. A cell immersed 
in normal saline is in equilibrium with its surroundings. 

167 . Conduction of Heat. — The process of conduction 
will now be fairly clear. If we consider a bar heated at 
one end, the molecules there are vibrating more rapidly than 
the cooler ones adjoining them. As the rapidly moving mole¬ 
cule comes in contact with an adjacent slower one it will 
impart to it some of the energy which it has acquired. The 
latter will therefore begin to move more rapidly, and in its 
turn set those beyond it into more rapid oscillation. In this 
way a wave of temperature is gradually transmitted from 
molecule to molecule along the bar. It is probable that this 
represents pretty closely what happens in the case of the conduc¬ 
tion of heat in non-metallic substances. In the case of metals, 
however, which are far better conductors of heat than non- 
metallic substances, this explanation is not adequate. There is 
now no doubt that heat is conveyed through a metallic con¬ 
ductor by the actual motion of particles known as electrons 
(§ 373 )> so much smaller than the molecules that they are able 
to move about in the spaces between them, just as gas 
molecules can move about in a vessel filled with large shot. 
These same electrons also serve to convey the electric current 
through a conductor. That there is a close connection 
between thermal and electrical conduction is proved by the 
fact that the thermal conductivity and the electrical con¬ 
ductivity are proportional to each other in the case of all 
pure metals. 

168 . Radiation.—Suppose we take a long rope and, holding 
one end, move it regularly backwards and forwards. A series 
of waves will be set up in the rope and will travel away from 
the hand towards the farther end. Now each of these waves 
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conUins a certain amount of energy, so that energy from the 
hand IS being conveyed along the rope to the far end. In all 
probability this furnishes us with a close analogy to the pro¬ 
duction and transmission of radiant heat. We have seen that 
the niolecules of a substance are in constant vibration with 
a rapidity which depends only on the temperature. If we 
suppose that each of these molecules has attached to it a 
number of stretched strings spreading out into space, then 
the vibration of these molecules will set up a series of 
waves in the strings which will carry the thermal energy of 
the molecule away into space, with a velocity depending only 
on the properties of the strings. If the string ends on another 
molecule, the energy in the waves will be communicated to 
the latter, thus increasing its vibration, or, in other words 
raising its temperature. Thus radiant heat is some kind of 
wave motion set up by the vibrations of material particles in 
some medium which fills all space. As light is only a 
particular case of radiant heat, it follows that light also is 
propagated by wave motion in some non-material medium. 
This medium is known as the ether. 


EXAMPLES. 

I. A lead bullet strikes a target with a velocity of 200 
metres per second. Calculate its rise in temperature, assuming 
that all the heat developed remains in the bullet. (The specific 
heat of lead is 0*03.) 

[Let w=mass of bullet. Its kinetic energy = ^mz/^ 

— 2"^ • (200 X ioo)2 ergs 
= 2 X lo^m ergs 
VV^ s 

Heat developed on impact = _ = — A-Sm cals 

J 4 2 X 10’ 

If /=rise in temperature, and s is sp. hr., of lead 
ms^=hea,t absorbed= 4*8/// cals. 

... c.] 

f/is 0*03 

2. A waterfall is 100 metres high. Calculate the difference 
in temperature between the water at the top and bottom of 
the fall. 
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[Acc. due to gravity =981 cms. per sec. per sec. 

Consider a mass of i gram of the water. The energy 
acquired in falling through a height of 100 metres 
(=10^ cms.) =s mgh 

= 1x981x10^ ergs 


The heat developed by impact at the foot of the fall is 


981 X 10* 
4*2 X lo^ 


= 0-234 cals. 


W 

J 


This will raise the temperature of the i gram of water 

by 0-234* C. This is obviously true of each gram 
of the water. 

Difference of temperature between the water at the 
top and bottom of the fall is 0*234® C.] 

3. With what velocity must a lead bullet strike a target in 
order that the heat developed by the impact may be just 
sufficient to melt it ? 


[Sp. ht. of lead = o-o3 \ latent heat of fusion of lead = 6 ; 
melting-point= 320® C. The initial temperature 
of bullet may be taken as 20* C.] 


4. A cardboard tube i metre long, closed at both ends by 
corks, contains sufficient lead shot to fill a length of 10 cm. of 
the tube. The tube is inverted 100 times in succession, so 
that at each inversion the shot falls from one end of the tube 
to the other. At the end of the experiment the temperature 
of the shot has risen by 7* C. Calculate the mechanical 
equivalent of heat. (The sp. ht. of lead is *03 ; ^^981 cm. 
per sec. per sec.) 

experiment is often used in elementary 
laboratories as a method of determining the mechanical 
equivalent of heat.] 
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KXAMINATION QUESTIONS.—VIII 

X. How would you determine the vapour pressure of water 
at about 30° C. ? A barometer tube contains a little ether 
and ether vapour above the mercury, but no air. State and 
explain what will happen if the tube be inclined. 

2. Explain what is meant by saturated and unsaturated 
vapours, and give an account of the properties of each. The 
upper part of a glass tube closed at the top contains alcohol 
vapour, and the lower part mercury. Describe and discuss 
the changes taking place as more mercury is gradually forced 
into the tube, the temperature remaining constant. 

3. State Dalton’s law of the pressure of a mixture of gases 
and vapours, and describe an experiment by which it can be 
verified for the case of a mixture of air and saturated ether 
vapour. 

4. Explain the relation between the pressure of aqueous 
vapour in the air and the dew-point, and describe some 
method of determining the latter. 

5. Distinguish between the radiation, conduction, and 
convection heat. By which of these methods is most heat 
lost when a liquid cools in a glass vessel ? Describe experi¬ 
ments to support your statements. 

6. What is meant by the thermal conductivity of a sub¬ 
stance ? Describe experiments which show that metals are 
good conductors and water a bad conductor of heat. An 
iron boiler is 6 mm. thick. Find the difference in tempera¬ 
ture between the inner and outer surfaces if 10 kilograms of 
water at 100® C. are evaporated per hour per square metre of 
surface—the conductivity of iron being 0*2, and the latent 
heat of steam 540. 

7. What do you understand by the radiating and absorb¬ 
ing powers of a surface? Describe experiments which show 
that the two quantities are equal for the same surface at the 
same temperature. 

8. State Newton’s law of cooling. Describe how you 
would determine (a) the melting-point of a solid, (fi) the 
specific heat of a liquid, by observations on the rate of 
cooling. 
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9. Discuss the evidence for the statement that heat is a 
form of energy. 

10. What is meant by the statement that the mechanical 
equivalent of heat is 4*2 x 10^ ergs per calorie ? A block of ice 
falls from the end of a glacier which is just melting, and 0*5 
per cent, of the ice is thereby melted. From what height 
must the ice have fallen ? 

11. Describe the wet and dry bulb thermometer. Describe 
in general terms the way in which the readings of the instru¬ 
ment will vary with the atmospheric conditions. 

12. Describe the different ways in which a vessel contain¬ 
ing hot water may lose heat, and point out in each case how 
to make the loss as small as possible. 





BOOK III 



CHAPTER I 

PROPAGATION OF LIGHT—PHOTOMETRY 

169 . Nature of Light.—Suppose we take a piece of iron 
wire and pass an electric current through it. A thermometer 
placed in contact with the wire will show that the wire 
is heated, and that its temperature becomes higher as the 
current is increased. If we perform the experiment in 
a dark room, starting with a small current, at first the wire 
will be invisible, though a thermoscope placed near the wire 
will show that heat is being radiated from it at a rate which 
increases as the wire becomes hotter. At last, if the current is 
still increased so that the wire becomes still hotter, a point 
will be reached at which the wire is rendered visible by a dull 
red glow which it emits. At this temperature, therefore 
(about 500® C.), the radiation from the wire becomes capable, 
not merely of affecting a thermopile, but also of producing 
the effect on our eyes known as vision. If the temperature is 
raised still further, the glow from the wire changes in colour, 
first to a bright red, and finally to an intense white by means 
of which neighbouring objects may be visible. 

TAe physical cause of our sensation of sight or vision is known 
as light. 

A body which of itself emits light is said to be luiumous, as, 
for example, the red-hot wire in the above experiment, the 
sun, or a candle flame. Bodies which do not themselves emit 
light but are only visible when illuminated by light from some 
other source are called non-luminous. 

Any substance through which light can pass is termed an 

252 
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optical medium. Substances through tuhich objects can be dtS’ 
tinctly seen are called transparent. Substances -which allow the 
passage oy light but through which objects cannot be distinguished 
are called translucent. A substance through which light cannot 
pass is called opaq.ue. Thus clear glass, air, and water are 
transp>arent; a piece of oiled paper or opal glass is trans* 
lucent; cardboard, wood, stone, and the metals are opaque. 

170. Rectilinear Propagation of Light_The fact that 

light travels in straight lines is a matter of common observa¬ 
tion. It can be verified by numerous simple experiments. 
For example, if we take three cards, each having a small pin¬ 
hole in the centre, and arrange the cards one behind the other 
(Fig. 118) so that the three holes are exactly in the same 
straight line (this may be done by threading the holes on a 
tightly stretched thread), it will be found that the light from a 



Fig. 118.—Experiment to illustrate the Rectilinear Propagation of Light. 

candle placed behind the last hole can be seen on looking 
through the first. If, however, the middle screen is moved 
slightly to one side the light is at once cut off. The experi¬ 
ment can be repeated with the second card at a greater or 
smaller distance from the first. The result is in each case 
the same. The light is only transmitted when the three 
holes are in the same straight line. 

In any homogeneous transparent medium^ light is propagated 
tn straight lines. 

The pin-hole camera is a further illustration of this 
principle. Let us take a white screen B (Fig. 119) and 
place in front of it at some little distance a second screen A 
having a small pin-hole through its centre. If a lighted 
^ndle C IS placed some distance in front of the pin-hole, an 
inverted picture of the candle will appear on the screen B 

r u should be performed in a dark or dimly 

Ughted room. Consider a point such as the tip of the flame of 
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the candle. The Light from this point will pass through 
the hole in A, and continuing in the same straight line pro^ 
duced will fall on the screen B, forming a minute patch of 
light at that point. The same thing occurs with every other 
point on the candle and its flame from which light is being 
radiated. Thus a picture of the candle appears on the screen, 
the picture being obviously inverted, since the rays from the 
top and bottom of the flame cross each other at the pin-hole. 

If a second small pin-hole is made at a little distance from 
the first, a second picture of the candle will be obtained on the 
screen B. As the two holes move nearer together the pictures 
also get closer, until finally they overlap. If we have several 
holes very close together a corresponding number of over¬ 
lapping pictures will be formed, producing a confused blur of 



Fig. 119.—The Pin-hole Camera. 


light on the screen. But a number of small holes very close 
together may be regarded as one large hole. Hence we can 
see that if the hole in A is large, nothing but a blur of light 
will be seen on the screen at B. 

It may be noted that since the appearance on B is a picture 
of the object, it is independent of the shape of the hole in A. 
The bright round patches of light seen on the ground when 
the sun is shining through the trees are images of the sun 
formed in a way similar to the pin-hole camera. Hence their 
round appearance. During an eclipse, when most of the disk 
of the sun is obscured, the patches become crescent-shaped— 
that is to say, the shape of the sun at the moment. 

171 . Shadows.— 0 ^ving to the fact that light travels in 
straight lines, opaque objects cast shadows. If, for example, 
a rectangular piece of card is held between a small source of 
light and the wall, a sharp shadow of the card is cast pn the 
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wall beyond. The rays falling on the card are stopped, while 
those which just graze its edges pass on in straight lines. 
Thus a dark patch or shadow appears on the wall (Fig. 120). 
If, however, an extended source of light is used, the shadow is 



no longer clearly defined, but is surrounded by a lighter 
shadow, which gradually fades into full brightness. Let AB 
(Fig. 121) be an extended source of light, and CD some opaque 
obstacle, such as a metal ball. Each part of the source casts a 



shadow on the wall, the shadows cast by intermediate points on 
the source lying between those cast by the extreme points A and 
B. The space between E and G is not illuminated by any part 
of the source of light, and is thus in total darkness. The portions 
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outside this complete shadow, or nmbra, are illuminated by in 
creasingly large portions of the source—a point just within P 
being illuminated by the whole of the source of light except the 
part immediately around A. Thus the intensity of the shadow 
fades away gradually from complete darkness at G into full 
light at P. The portions of the shadow which are partly 
illuminated by the source form what is known as the penumbra. 

172 . Hluminatmg Power of a Soturce of Light.—Since light 
is a form of energy, its rate of emission from a given source of 
light should logically be measured in ergs per second. The 
experimental difficulties in the way of realising such a standard 
are, however, at present insuperable. We have therefore to 
fall back upon some arbitrary standard. The standard selected 
is the light given off by what is known as a standard candle. 
This is defined to be a sperm candle, of which six go to the 
pound, and which burns at the rate of 120 grains per hour. 
The light given out by such a candle is taken as the unit of 
illuminating power, and a source of light which is equal to 
that of the standard candle is said to be one candle-power. 

173 . Intensity of Illumination.— The inUnsity of illumina¬ 
tion at a given point is defined as the quantity of light which 
falls in one second on a surface of unit area surrounding that 
pointy the surface being at right angles to the direction in which 
the light is travelling. 

We have, however, no means of measuring directly quantities 
of light. In practice, therefore, we take as our unit intensity 
of illumination, that at a point situated at unit distance from 
a source of light of unit illuminating power—that is, one candle- 
power as defined above. In practice the centimetre is found 
to be inconveniently small, and the metre is always adopted as 
the unit distance. Thus the unit of intensity of illumination 
is the illumination at a point i metre distant from a unit candle. 
This is known as a metre-candle. The intensity of illumina¬ 
tion of a horizontal plane outdoors on a cloudy day is about 
500 mctre-candles. 

The intensity of illumination of a surface depends, not only 
on the intensity of the light, but also on the angle which the 
surface makes with the direction of the light. If a surface 
originally at right angles to the light is gradually turned 
obliquely to the rays, it is obvious that the total amount of 
light intercepted by it becomes less and less as the obliquity 
increases. As a smaller quantity of light is thus distributed 
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over the same area, the intensity of illumination is obviously 
less. It is, in fact, proportional to the cosine of the angle 
between the normal to the surface, and the direction of the 
light. 

Since the intensity of illumination at a point at unit distance 
from a source of unit illuminating power has been defined to 
be unity, the illuminating power of a source of light is numeri¬ 
cally equal to the intensity of illumination which it produces 
at a point at unit distance from the source. 

This result affords us a method of comparing the illuminat¬ 
ing powers of different sources. 

174. Law of Inverse Squares.—The intensity of illumina¬ 
tion due to a given small source of light varies inversely as 
the square of the distance from the source. 

This is known as the law of inverse squares, and is a direct 



consequence of the rectilinear propagation of light. Let S 
(Fig. 122) be a point source of light, and let Q be the quan¬ 
tity of light falling in one second on a screen A placed 
normally to the light. Since light travels in straight lines, the 
same quantity of light will also pass in one second through 
any cross-section of the cone of which S is the vertex, and the 
area A the base. Thus the quantity of light falling in one 
second on B is the same as that falling on A, that is, Q. If 
Ii and Ig are the intensities of illumination at A and B 
respectively, then by definition— 

ii= —9 — - I = Q 

* area of A ’ 2 ^rea of B 

Ii^ area of area of B 

^2 area of A area of A 

where and d^ are the distances of A and B respectivelv 
from S. Hence— ^ 

l 2-./,2 


*7 
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175 . Pliotometry.—The measurement of illuminating power 
is known as photometry. It is based on the law of inverse 
squares. Let us suppose that the two sources of light to be 
compared are made to illuminate two adjacent portions of the 
same screen. By moving one of the sources nearer or farther 
from the screen the intensity of illumination of the two portions 
can be adjusted to be the same, the eye being able to detect 
differences in the intensity of illumination of different parts of 
a screen, although it cannot be relied upon to gauge how 
many times one portion is brighter than the other. Let 
and be the distances of the two sources from the screen 
when this adjustment has been made, and let Pj and P2 be 



the illuminating powers of the two sources. Then, since by 
definition a source of power produces an intensity of 
illumination of Pj units at a point i metre away, it will by the 


inverse square law produce an intensity at a point d^ metres 
away. Similarly, the second source produces an intensity of 


illumination equal to -7^2 ^ screen from which it is distant 

d^ metres. But these two intensities have been adjusted to be 
the same. Henc 


Pi P2 





The illuminating powers of two sources are directly pro 
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portional to the squares of tho distances at which they 
produce equal intensities of illumination. 

176. Photometers.— Rumford*s Photometer. The simplest 
photometer is that of Rumford (Fig. 123). It consists of a 
vertical white screen B, and a solid rod A placed about an 
inch in front of it. The two sources of light to be compared 
are placed so that each of them casts a shadow of the rod 
upon the screen, and the distances of the two sources from 
the screen are adjusted until the two shadows appear of the 
same depth. Now the shadow C' cast by the flame C is 
illuminated by the second flame D, while the shadow D' cast 



Fig. 124.—Bunsen’s Grease-Spot Photometer. 

by D is illuminated by C. If the two shadows appear to be 
equally bright it follows that the intensity of illumination 
Reduced on the screen by the two sources is the same. 
Hence, if and are the distances of C and D from the 
screen, and P^ and Pg their respective candle-powers, we have 

P2 ^2^ 

The Bunsen or Grease-Spot Photometer (Fig. 124) 
consists of a piece of thick paper having a circular spot of 
^case in the centre. The effect of the grease is to render 
tne opaque paper translucent, so that in effect we have a 
ranslucent spot m the centre of an opaque screen. If this 
screen is held up between the eye and a source of light, 
sorne o tie light will be transmitted by the translucent 
spot, but none through the rest of the screen. Hence the 
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spot will stand out as a bright patch on a dark ground. On 
the other hand, if the light is made to fall on the screen from 
the side on which it is viewed, then, since most of the light 
is transmitted by the spot to the farther side, it fails to 
reach the eye. The light which falls on the opaque portion of 
the screen, however, is scattered back, and some enters the 
eye. The spot will thus appear as a dark area in the centre 
of a bright screen. If now the screen be illuminated on both 
sides by light of the same intensity, the light transmitted 
through the grease spot from the side farther from the eye will 
compen^te for the light lost by transmission through the spot 



from the nearer side. Under these circumstances the grease 
spot is almost indistinguishable from the rest of the screen. 

To make a comparison of illuminating powers with this 
apparatus the screen is mounted on a vertical support and the 
sources to be compared are placed on opposite sides of the 
screen (Fig. 124). The distances of the two sources from 
the screen are adjusted until there is as little difference as 
possible between the grease spot and the rest of the screen. 
The intensities of illumination of the two sides of the screen 
are then the same. The illuminating powers of the two 
sources can then be calculated in the same way as for the 
Rumford photometer. 

The Flicker Photometer. Neither of these historical 
photometers is very accurate, and they are practically useless 
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in comparing the illuminating powers of sources which differ 
at all appreciably in colour. A much more accurate instrument 
is the flicker photometer, a simple form of which is illustrated 
in Fig. 125. A circular disk of stout white cardboard is 
divided into eight equal sectors, and the alternate sectors are 
removed, as shown at W. The disk is then mounted on an 
axle through its centre, and can be rotated in a vertical plane 
by a suitable arrangement of pulley wheels. One of the 
sources of light S2 is placed so as to illuminate the disk, the 
light from the source falling on the disk at an angle of 45®. 
A vertical screen A, made of the same cardboard, is placed 
just behind the wheel and at right angles to it, and is 
illuminated by the second source of light S^, also at an angle 
of 45®, The wheel is set in rotation and is viewed through 
a tube T having a small pin-hole which serves as an eye-piece. 
The eye looking through T sees first one of the sectors of 
W illuminated by S^, and then (as the disk moves on and a 
gap takes the place of the sector) the screen A illuminated 
by S^. The two screens are thus presented to the eye in rapid 
alternation, and if the illumination is at all different a very 
unpleasant flicker (from which the photometer takes its name) 
is produced. The distances of the two sources from their 
respective screens is adjusted until the flicker disappears. 
The intensity of illumination of the two screens is then the 
same, and if P^, are the illuminating powers of the sources 
and d^y their distances from their respective screens, 

Pa 

This photometer gives good results even when the two 
sources are emitting light of different colour. With light of 
the same colour the results are accurate to at least i per cent. 

EXAMPLES. 

1. Calculate the intensity of illumination of a screen placed 
2 metres away from a source of i 6 candle-power. 

2. The intensity of illumination of a screen placed 40 cms. 
away from a given source of light is found to be ecjual to 
that of a screen placed 10 cms. away from a standard candle. 
What is the candle-power of the source ? 

3. Using a Rumford photometer, a c.andle and a paraffin 
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lamp are foiind to give shadows of equal density when they are 
distant respectively 20 and 50 cms. from the screen. Compare 
their illuminating powers. 

4. Two sources of light, A and B, are found to give the 
minimum of flicker in a flicker photometer, when their distances 
from the instrument are respectively 80 cms. and 30 cms. 
Compare their illuminating powers. If a thin piece of coloured 
glass is interposed between A and the photometer, it is found 
that A must be moved 5 cms. nearer to the photometer to 
obtain adjustment. What fraction of the light from A is cut 
oflf by the glass ? 

5. A 16 c.p. lamp L is hung at a height of 4 feet above a 
horizontal table top. Calculate the intensity of illumination 
on the table at a point P 3 feet away from a point A vertically 
below the lamp. 

[The distance of P from the lamp is 5 feet ; but incidence 


is oblique. The intensity at P is thus cos 0 , where 0 is 

the angle between the direction of the light and the normal 
at P ; cos d = LA/LP = J.] 


CHAPTER II 


REFLEXION AND REFRACTION 

177 . Bays of Light.—The path by which the light passes 
from one point to another through a transparent medium is 
known as a ray of light. Since light travels through any 
homogeneous medium in straight lines, these rays will be 
portions of straight lines. An assemblage of rays of light all 
originally emanating from the same point is known as a pencil 
of rays. A pencil of rays thus commences as a cone, having 
the luminous point for its apex. In this case the light is 
obviously travelling away from the apex, and the pencil is 
said to be divergent. By suitable optical means, however, 
the rays can be so altered as to bring them together again 
to a second single point. The pencil is then said to be 
convergent. If, again, the direction of the rays is altered so 
that all the rays which constitute the pencil are parallel to 
each other the pencil is called a parallel pencil of rays. The 
rays of light reaching the eye from a point on a very distant 
object such as the sun, for example, may be regarded as form¬ 
ing a parallel pencil, for all practical purposes. 

If the vertical angle of the cone formed by the rays is small, 
the pencil is said to be a small or narrow pencil. Since the 
aperture of the pupil of the eye is very small, it always subtends 
a very small angle at the luminous source, so that the light by 
which objects are seen by the eye is always in the form of narrow 
pencils. In general, the phenomena which occur with a wide 
pencil of rays are much more complex than those in which 
a narrow pencil is employed. We shall, therefore, in the 
present volume regard all the phenomena with which we have 
to deal as being due to narrow pencils of light. 

Although we may speak of a ray of light, it must be 
understood that it is not physically possible to isolate a single 
. "Ihe light passing through the smallest pin-hole in reality 
consists of a pencil of very small angle. We can, however, 

163 
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trace the course of a ray of light in a very simple manner. 
Suppose we are looking at some object such as a pin-head. 
Let us place a second pin so that its head is seen in the same 
straight line with that of the first. This means that the light 
from the second pin-head reaches the eye in exactly the same 
direction as that from the first. The second pin is thus on 
the line of the ray from the first pin to the eye. A third pin 
placed so that it appears to the eye to be in line with the other 
two will similarly mark another point on the same ray of light. 
In this way any number of points can be obtained on the given 
ray, and its course completely determined. This method of 
tracing a ray of light is of great use in the elementary laboratory. 

178 , Reflexion of Light,—Although, as we have seen, light 
travels in straight lines, yet we can easily convince ourselves 



that under suitable circumstances a ray of light can be bent 
or deviated from its original direction. If, for example, we 
place any object in front of a plane mirror an image of the 
object is seen apparently behind the mirror. Now the mirror 
itself is opaque. The light radiating from the object must, 
therefore, on striking the mirror, have had its course changed 
to enable it to enter the eye of the observer. The process 
by which a ray of light is deviated from its original path on 
striking a smooth bright surface is known as reflexion, and the 
surface is called a reflector. 

To trace the path of the beam of light we may make use 
of the pin method already described. Stand a plane mirror 
vertically on a drawing-board, and place two pins A and B 
in front of the mirror so that the line AB meets the mirror 
obliquely (Fig. 126). On looking into the mirror images of 
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these pins will be seen. Place two more pins, C and D, so 
that they are seen in the same straight line with the rejflected 
images of A and B. The four pins thus appear to the eye 
to be in the same line. Hence, as explained above, they mark 
four points on a single ray of light proceeding from A to the 
eye. If we join AB and CD by straight lines we shall find that 
these lines intersect on the reflecting surface at some point E. 
Draw the normal to the mirror at E and measure the angles 
AEN and DEN, They will be found to be equal. The experi¬ 
ment may be repeated with other positions of the pins A and 
B, and a similar result will be obtained. Adjust the heights 
of the pins until their heads all appear to be in the same line. 
Take a plane piece of cardboard and place it over the pins. 
It will be found to touch each of the pin-heads, which are 
therefore all in the same plane (that of the cardboard). This 
plane will be found to be normal to that of the mirror. 

The ray of light AB coming from the object to the mirror 
is called the incident ray; after reflexion at the mirror it is 
known as the reflected ray. The angle between the incident 
ray and the normal to the surface at the point of incidence 
is called the angle of incidence; the angle between the reflected 
ray and the normal to the surface is called the angle of 
reflexion. We may therefore state our results in the following 

Laws of Reflexion.—I, The incident ray and the reflected 
ray lie on the same plane as the normal to the surface at the 
point of incidence, and on opposite sides of it. 

II. The angle of incidence is equal to the angle of reflexion. 

These laws are applicable to any reflecting surface, what¬ 
ever its shape. They are true not merely for plane surfaces 
but also for curved ones. 

179 . Optical Images.—If a pencil of rays originating in a 
single point is made to converge to or to appear to diverge from 
some other point, the second point is called the optical image of 
the first. If the rays of light actually pass through the second 
point the image is said to be reaL If the rays do not actually 
pass through the second point the image is called virtual. 

An optical image is, therefore, a point where rays of light 
either intersect or appear to intersect. Hence we need to be 
a e to trace the path of at least two of the rays by which 
*t IS formed in order to fix its position. This fact is apt to 
e overlooked by students when finding the position of an 
image by graphical methods. 
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Since the rays from each point on an object will after 
suitable reflexion or refraction produce its own image point 
the assemblage of image points will make up a more or less 
correct reproduction of the object, which may be called its 
optical image. If the rays actually pass through the image 
they can be caught on a white screen placed at that point, and 
a picture of the object will be seen on the screen. If, how¬ 
ever, they do not actually pass through the image, no 
such picture will be obtained on a screen placed in the 
position of the image. The image seen in a plane mirror 

is obviously a virtual image, 
since the rays do not pene¬ 
trate the mirror. 

It must be noted that the 
picture formed by the pin-hole 
camera is not an optical 
image at all, as the course 
of the rays of light is not 
changed in any way in passing 
through the pin-hole, and the 
rays do not intersect upon 
the screen. On this account 
a picture will be formed on 
the screen whatever its dis¬ 
tance from the pin-hole, and 
not at some particular point 
only as in the case of a real 
Fig. 127.—Position of Image formed image. 

by a Plane Mirror. 180. Image formed by a 

Plane Mirror.—I.et us apply 
our principles to the case of the plane mirror. Let AB (Fig. 
127) represent a plane reflecting surface, and O a point on an 
object in front of the mirror. Let OC represent any ray of 
light falling on the mirror at C, and let CD be the reflected 
ray. Then if CN is the normal to the mirror at C, the angles 
OCN and PCN are equal. Draw OE perpendicular to AB, 
and produt-e DC to meet it in I. Then CN and OI being 
normals to AB, are parallel. Thus we have 

o(^n=c6e 

n^N = CfE 
But OCN=DCN 
CfE = c6E 
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Also in the triangles CIE, COE, the angles CEI and 
CEO are both right angles, and CE is common to the two 
triangles. 

EI = EO 

The reflected ray if produced backwards thus intersects the 
normal OE at a point as far behind the mirror as the object 
is in front of it. But this result is independent of the position 
of C, the point at which the incident ray strikes the mirror. 
Hence all the rays of light from the object appear after 
reflexion to pass through the point I, which is therefore the 
image of O as seen in 
the mirror. Since the 
rays do not actually pass 
through I, the image 
is virtual. 2 'hus the 
image formed in a plane 
mirror is on t?u normal 
drawn from the object to 
the mirror and as far 
behind the mt'rror as the 
object is in front of it. 

This reasoning can 
easily be verified ex¬ 
perimentally by tracing 
a number of rays of 
light by the pin method. 

By leaving the pin A in 
position, and moving 

the second pin B, a FiO. 128. —Experiment to locate the 
series of rays of light Image of a Pin in a Plane Mirror. 

from A can be traced, 

such as ABCD, AB'C'D', . . , (Fig. 128). It will be found 
that the lines CD, C'D', . . . when produced backwards 
intersect in a single point I as far behind the mirror as A is 
in front of it. 

The position of the image can also be located by the 
method of parallax described in the succeeding chai)ter (§21 o). 

181. Multiple Reflexions.—If a ray of light after reflexion 
at one surface falls on another reflecting surface, it will be 
again reflected, and an image of the first image will appear 
in the second surface. The number and position of these 
multiple images will depend on the inclination of the two 
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mirrors to each other. The simplest case is that of two plane 
mirrors intersecting at right angles. Let AB and AC (Fig. 
i2g) be the traces of the two mirrors, and O some object 
between them. An image of O is formed in AB at a point 
O' on the normal ON, where O'N is equal to ON. The point 
O' is in front of the plane of the mirror AC, and an image 
of O is formed at O'^ where O'O" is perpendicular to 
AL. Similarly, an image of O is formed at O^ in the 
mirror AC, while an image Oj of the image Oj is 



formed by the mirror AB. It is easy to show from the 
geometry of the figure that the two images O'' and Og 
coincide. These images are behind the plane of both mirrors 
and therefore no further images can be formed. A pair of 
plane mirrors at right angles to each other thus give 
images of the object. 

To trace the course of the rays by which the images are 
seen we have to remember that the light radiating from the 
object comes to the eye apparently from the direction of the 
image, the eye always seeing an image along the direction in 
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which the light actually falls on the eye. Find the position 
of the image O', by drawing the perpendicular ON O', and 
making NO' equal to NO. Let E be the position of the 
eye, and draw two straight lines joining the image to the eye. 
(Two rays at least should always be shown, in order to 
indicate the exact position of the image.) Let them strike 
the mirror in D and D', Then DE and D'E are portions of 
the rays between the eye and mirror. But the rays originated 
in O. Hence, to complete them we must join D and D' by 
straight lines to the object O. The lines ODE and OD'E 
then represent the course of two of the rays by which the 



Fig. 130.—Multiple Images formed by Two Parallel Plane Mirrors. 


image of O is seen in the mirror AB. Similarly, the rays by 
which the image in AC is seen can be constructed. 

The final image O^ is due to rays which have been reflected 
by both mirrors, and therefore reach the eye after two re¬ 
flexions. The method of drawing the rays in this case will 
be clear from the diagram and the previous description. 

If the two mirrors are arranged parallel to each other an 
object placed between them will produce a number of images 
which theoretically is infinite. Let AB, CD be the two 
mirrors, and O an object between them. A line MON (Fig. 
130) drawn perpendicular to the mirror AB will also be per¬ 
pendicular to the mirror CD, and hence all the images will 
be formed along this line produced. 'The first reflexion in 
AB produces an image at Oj where O^N equals ON. Oj 
being in front of CD can serve as an object for this mirror, 
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and a second image is formed at Og where O2M equals O^M. 
The image can be again reflected in the mirror AB, giving 
a third^ image at O3, and so on. Theoretically an Infinite 
series is thus obtainable^ but in practice a certain propor¬ 
tion of the light is lost at each reflexion, and not more 
than five or six are usually visible. Similarly, we may start 
with the reflexion of O in the mirror CD, which gives rise in 
the same way to a second series of images O, O", . . , The 
diagram in Fig. 130 shows the path of the rays of light by 
which the third image O3 is seen by an eye placed at E. 
The construction will be obvious from the diagram. It will 



Fig. 131.—Experiment to illustrate the Laws of Refraction. 


be seen that the image is formed by rays which have been 
three times reflected. 

182 . The Eefiraction of Light.—When a ray of light passes 
from one transparent medium to another, say, for example, 
from air to glass, it is bent or refracted at the interface 
between the two media, and pursues a course in the second 
medium which is in general not in the same straight line with 
its path in the first medium. We may study the phenomena 
of refraction very conveniently by using a parallel-sided block 
of clear glass about 5 cms. or more thick. Place the block 
on a drawing-board, and place two pins A and B (Fig. i3i)at 
some little distance apart on one side of the glass, so that the 
line AB meets the surface EF of the glass obliquely. The two 




271 


REFLEXION AND REFRACTION 


pins can be seen through the glass, and two other pins, C and 
D, are placed so that the four pins appear to be in the same 
straight line. B, C, D are then points on a ray of light 
emanating from A. Arrange the pins so that the heads all 
appear in the same straight line. Produce the lines AB, CD 
to meet the nearest faces of the block in K and L. Then, 
since in the same medium light travels in straight lines* 
ABKLCp is the path of a ray of light through the block! 
Let a series of such rays be traced, starting from the point 
A but meeting the block at different angles. Draw the 
normals to the surface of the block at the points where the 
rays enter and leave it. The ray AB falling on the surface 
from the source at A is called the incident ray, while KL in 
the second medium is the refracted ray. The angle belmeen 
the incident ray and the normal at the point of incidence is the 
angle of incidence, while the angle between the refracted ray and 
the normal is the angle of refraction. 

Now with K as centre let us describe a circle of any con 
venient radius cutting the incident and refracted rays in P 
respectively, as shown in the right-hand diagram 

from P and Q drop perpendiculars PM 
and QM on the normal to the surface at K. Repeat the 
process for each of the other rays AK', AK' ... It will 
be found that for all the rays the ratio of the perpendiculars 


PM 

QM' 


is a constant 


is exactly the same. That is to say, the ratio 

passing from the air into the glass block. 

1 his important result can be expressed more conveniently 
in tngonometneal terms. Since PK==QK 


PM 

— sine of angle of incidence 

QM QM sin QK,M' sine of angle of refraction 
QK 


Of incidence to the 

whJ/'K K f ^^fraction is the same for each of the rays 
incT r\ 1 fact, this ratio is a constant depend- 

nature of the two media and is known as the 

If the fi t from^ the first medium into the second, 

siderir... 'nm is air, as in the experiment we are con- 

the refractTvI generally spoken of as 

the refractive index of the second medium, in this case glass. 
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The refractive index of ordinary crown glass is very nearly 
I *5 or 

2 

If, as in the verification of the laws of reflexion, we place a 
plane sheet of cardboard over the pins, we shall find that the 
pin-heads are all in contact with the cardboard—that is to 
say, the whole of the ray lies in the same plane, which also 
contains the normal at the point of contact. We may there¬ 
fore sum up our results in the following 


Laws of Be&action.—L The incident ray and the 
re&acted ray are in the same plane as the normal to the 
re&acting surface at the point of incidence, and lie on 
opposite sides of it. 

II. For a given pair of media the ratio of the sine of the 
angle of incidence to the sine of the angle of refraction is a 
constant, and is known as the index of refraction from the 
first me^um into the second. 


In this form the laws are applicable to all refracting surfaces, 
whether plane or curved. 

Let us consider now the surface GH of the block. Since 
the faces GH and EF are parallel, the normals MKM' and 
NLN' are also parallel and the angle KLN' is equal to the 
angle LKM'—that is to say, the angle of incidence on the 
second face is equal to the angle of refraction on the first face 
when the sides of the block are parallel. If now we measure 
the angle of refraction from the glass into the air, that is, 
the angle NLD, we shall find that it is equal to the angle 
AKM between the original ray and the normal. The ratio 

sin N LK measures the index of refraction from glass 

sin NLD 


^ , sin AKM , . , • 

into air, is thus the inverse of the ratio lkIv T 

the index of refraction from air into glass. In other words, 
if is the refractive index from a medium a to a. medium 
then the refractive index from d into a is given by 


I 

bf^a= - 

It follows from the above demonstration that the emergent 
ray CD is parallel to the original ray AB. Thus if a ray of 
light passes through a parallel-sided plate of any substance 
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the emergent ray will always be parallel to the incident ray. 
As can be seen from the diagram it is, however, displaced 
laterally through a distance which depends upon the angle 
of incidence and the thickness of the plate. 

If neighbouring rays DL, D'L' are produced backwards, 
they will meet in a point A' nearer to the block than the 
object A. This second point is the zTnage of A as seen 
through the block. What we see on looking through a 
parallel-sided block of transparent substance is, therefore, not 
the object itself, but a virtual image of it. 

183. Image formed by Be&action at a Single Surface._ 

Consider some small object O, 
such as a bright steel ball at 
the bottom of a trough of water 
(Fig. 132). O will send out rays 
in all directions, but we will con¬ 
fine our attention to the small 
pencil of rays lying around the 
ray ODE, which strikes the sur¬ 
face normally—that is to say, we 
will consider only such a pencil 
of rays as would enter the pupil 
of an eye looking vertically down¬ 
wards on the object O. Consider 
a ray such as OB striking the 
surface obliquely at a point B, 

very near to the point D. Since —Calculation of the 

water is a more highly refract- 
ing medium than air, the ray Surface, 
will be bent away from the 

normal, and will pursue a path such as BC. Produce BC 
backwards to meet OD in I, and let NBN' be the normal 
to the water surface at B. Then since BN is parallel to OD 
(both being perpendicular to the water surface) 

c:§n = bId 

and OBN'=b6d 

If is the refractive index of water (/>., the index of refrac- 
tion from air into water) 

„_sin CBN _sin lilD 

^ sin OBN'~rin BOD 

_BD/BD_BO 

Bl/ BO“ ^ 

18 
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Now if B is very near to D, then BO will be 
to DO, and BI will be nearly equal to DI. 


fore, write 


BO_DO 
BI UT 


Thus— 


very nearly equal 
We may, there- 



BO 

BI 

DO 



DO 

DI 


for a narrow pencil of rays 


The position of the point I is, therefore, independent of the 
direction of the ray OB. Therefore, all the rays of the narrow 
pencil of light proceeding from O will, after refraction at the 
surface, apparently come from the point I, which is, therefore, 
the image of O as seen through the water surface. It is 
evident that the image is nearer to the surface than the 
object. Thus, in general, if t is the real distance of the 
object from the surface, and d its apparent distance, then 



where fL is the refractive index of the medium. In the case of 
water, for which the refractive index is almost exactly DI is, 
by the above equation, three-quarters of DO—that is to say, 
an object at the bottom of a pool of water appears to be 
at only three-quarters of its real depth. A lake or river, 
therefore, always seems shallower than it really is. Similarly, 
a picture pasted on the back of a glass paper-weight will 
appear to be only two-thirds of its true distance from the front 
surface, and thus presents the appearance of being embedded 
in the glass. 

For a similar reason, a stick held obliquely with one end 
under water appears to be bent where it passes through the 
surface. The end of the stick under water appears to the 
eye to be at only three-quarters of its true depth. As the 
portion in the air is seen in its true position, the portion 
under water appears to be bent upwards. The effect is shown 
in Fig. 133, which also shows the path of the rays by which 
the end of the stick is seen by the eye. The dotted lines 
mark the apparent position of the stick—that is to say, its 
image seen through the water surface. 

184 . Total Befiesdou.—Consider a ray of light travelling 
in a highly refracting medium, and striking obliquely on the 
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interface between the medium and the air. For sake of 
definiteness we may consider the rays as coming from some 

object under water, and striking the surface obliquely. Since 
the index of refrac¬ 
tion from water into 
air is less than unity, 
being the reciprocal 
of the refractive 
index from air into 
water, or the re¬ 
fracted ray in the 
air will make a larger 
angle with the nor¬ 
mal than the ray in 
the water. When 
the ray in the water 
strikes the surface 
at an angle for which 
the sine is f (this 
angle is about 48^®), 
it is evident that the 



Fig. 133.—Apparent Displacement of an 
Object under Water. 


emergent ray must make an angle with the normal which has 
a sine of i—that is, it must be at right angles to the normal, 
and therefore parallel to the surface. Its path will, there- 



Fm. 134. Paths of Rays from an Object under Water to 

illustrate Total Reflexion. 


ore, e 1 e ONH in Fig. 134. Supf>ose now we consider 
otne ray, such as OC, making an angle with the normal 
^rea er t lan that of the ray ON. Since the refractive index 
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is a constant the sine of the refracted ray should, by our 
formula, be greater than unity. But this is impossible, as no 
angle can have a sine greater than i. There is thus no 
rejracted ray, and none of the light striking the surface at an 
angle with the normal greater than that made by the ray ON 
can escape from the medium. Experiment shows us that 
the light striking the surface at an angle of incidence greater 
than this critical angle is reflected back into the first medium, 
according to the laws of reflexion. The reflexion is more 
complete than that obtained from the best reflecting surfaces. 
The phenomenon is therefore known as total reflexion. The 
angle at which the change takes place from transmission to 
total reflexion is known as the critical angle for the medium. 

It may be mentioned that though the reflexion becomes 
total when the light meets the surface at an angle equal to or 
greater than the critical angle, a fraction of the light falling 
upon the surface is always reflected, whatever the angle of 
incidence. The ratio of reflected to transmitted light is 
smallest for normal incidence, and increases with the angle 
of incidence. The reflexion of the trees in a pond, or of a 
lighted candle in a glass window, are ever>»day examples of 
the partial reflexion of light from the surface of a trans¬ 
parent medium. 

The critical angle, as we have seen, is the angle of incidence 
for which the corresponding angle of refraction is a right angle, 
and has a sine equal to unity. Hence, if S is the critical angle, 


sin B 
sin 90 


mJ^a 


where is the index of refraction from the first to the 

second medium. If the second medium is air, we have 




I 

index of refraction from air to m 

I 


fj' 

where is the refractive index of the medium. 

sin c I 

1 fJU 

I 

sin c = — 

M' 

where is the refractive index of the medium. 
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The value of fi. for water is The critical angle for refrac¬ 
tion from water to air has, therefore, a sine of Reference 
to tables will show that the angle is about 48^°. 

Since light coming horizontally along the surface of the 
water is refracted in at the critical angle, it follows that the 
whole of the light reaching an eye under water is confined 
withm a cone, the semi-vertical angle of which is equal to 
48J*. A pond, no matter what its actual shape, would 
therefore appear to be circular to an eye in the water. 

The phenomenon of total reflexion can easily be demon¬ 
strated by taking an ordinary tumbler of water, and holding 
it just above the level of the eye. The surface will appear 
like a highly polished sheet of 
silver, the light striking it ob¬ 
liquely from below being totally 
reflected at the surface. If a tea¬ 
spoon is placed in the glass, the 
portion above the water will be 
quite invisible through the water 
surface, just as if the latter were 
opaque, while the portion in the 
water may be seen brilliantly 
reflected in the water surface. 

The effect is, of course, not 
confined to liquids. If a right- 
angled glass prism is taken, and 

a parallel beam of light is allowed to fall normally on one of the 
^des (Fig. 135), it will strike the hypotenuse at an angle of 45®. 
The cntical angle for glass is about 42®, and hence the light 
strikes the interface between the glass and air at an angle greater 
than the cntical angle. It is, therefore, totally reflected, the 
angle of reflexion being equal to the angle of incidence, that is, 
45 • I ^ reflected beam is, therefore, normal to the second 
glass surface of the prism, and emerges without further 
aeviation. The prism is known as a total reflexion prism, 
and IS generally employed in preference to an ordinary mirror 
in any optical instrument or experiment in which it is 
de^red to turn the path of a ray through a right angle. 

Ihe measurement of the refractive index of a substance 
usually mvolves the use of other optical apparatus. We shall 
herefore, postpone its consideration until this apparatus has 


Fig. I35-—Total Reflexion 
Prism. 
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EXAMINATION QUESTIONS.—IX 

1. Explain how the intensity of illumination of a screen by 
a source of light varies with the distance of the screen from 
the source. Describe a method by which the illuminating 
powers of two sources can be compared, 

2. What is meant by the intensity of illumination at a 
point ? Upon what factors does it depend ? Describe one 
form of photometer and explain how it is used. 

3. Explain the action of a pin-hole camera. Light from 
the sun enters a darkened room through a small square hole 
in the shutter forming a round patch of light on the opposite 
wall. Explain why the patch is round. 

4. State the laws of reflexion of light A pin is held 
vertically above a horizontal plane mirror. Indicate by a 
diagram the nature and position of the image, showing the 
paths of the rays of light by which the eye sees the two ends 
of the pin. 

5. Give a diagram illustrating the formation of the image 
seen in a plane mirror. Two plane mirrors are arranged at 
right angles to each other. How many images will be formed 
of an object placed between them, and where will they be 
situated ? 

6. Explain how a series of images may be formed when an 
object is placed between two plane mirrors which are parallel 
to each other. Draw a diagram to show how the rays of 
light by which the second image is seen in one of the mirrors 
reach the eye. 

7. Give an account of the refraction of lighL Explain why 
the apparent depth of a pond is less than its true depth. 

8. State the laws of refraction of light. Illustrate by a 
diagram how objects above the surface are seen by an 
observer submerged in the water. 

9. A beam of light is projected normally from water into 
air. The angle of incidence is gradually increased to 90®. 
Describe and explain the effects observed. 

10. A cube of clear glass is placed directly over an ink 
spot on a horizontal sheet of white paper. Describe and 
explain the apparent position of the spot as seen by an 
observer looking vertically down upon it through the upper 
surface of the cube. Why is it impossible to see the spot 
through any of the vertical faces of the cube ? 



CHAPTER III 

SPHERICAL MIRRORS 

185 . Definitions.—In addition to plane mirrors, mirrors 
with curved surfaces are often employed. In this case the 
reflecting surface generally forms a portion of a spherical 
surface, and the mirror is known as a spherical mirror. If 
reflexion takes place at the inner surface (that is, the surface 
facing the centre of the sphere) the mirror is said to be 
concave (Fig. 136a). If reflexion takes place at the outer 



Fig. 136a. —Concave Mirror. FiG. 136 ^.—Convex Mirror. 


surface (that is, the surface which faces away from the centre 
of the sphere) the mirror is called convex (Fig. 136^). 

The centre of the sphere of which the mirror surface forms a 
part is called the centre of curvature of the mirror. The radius 
of the sphere, or, in other words, the distance of the centre of 
curvature from any point on the mirror, is called the radius of 
curvature, ^ The centre of curvature is obviously in front of a 
concave mirror and behind a convex mirror. 

portion of the rpherical surface which forms the mirror 
circular in outline. The diameter of this circle 
(AA, Fig. 136) is called the aperture of the mirror, and the 
ang e subtended by AA' at the centre of curvature C is called 
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the angular aperture. The centre of the face of the mirror, P, 
is called the pole of the mirror, and the straight line joining 
the pole to the centre of curvature is called the principal axis 
of the mirror. 

In the demonstrations which follow we shall assume that 
the aperture of the mirror is small, so that the reflected 

pencils are all 
narrow, and that, 
further, the axis of 
the incident pencil 
of light is very 
nearly parallel to 
the principal axis 
of the mirror, so 
that the rays fall 
on the reflecting 
surface nearly 
normally. The 
necessity for these 
assumptions will 
appear in the 
proofs which follow. 
They correspond 
very closely to the 
conditions under 
which spherical 
mirrors are usually 
employed for 
optical purposes. 
186 . Keflexion at 

Fig. 137.— Reflexion of a Ray at a a Spherical Mirror. 

Spherical Surface. —The laws of re¬ 

flexion already con¬ 
sidered hold equally for spherical surfaces. The difference 
between the spherical and the plane surface is this. In the 
plane surface all the normals are parallel to each other. 
In the spherical surface the direction of the normal 
changes from point to point on the surface. Since any 
radius to a sphere is normal to its surface, all the normals 
to the surface of a spherical mirror pass through the centre of 
curvature, and any straight line passing through the centre of 
curvature will meet the mirror normally. But a ray of light 
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meeting a reflecring surface normally is reflected back upon 
Its own path. Hence any ray of light passing through the 
centre of curvature of a spherical mirror and falling on the 
mirror ^11 be reflected back through the centre of curvature 
Thus, if we had an object placed at the centre of curvature 
of a mirror, each ray of the pencil falling upon the mirror 
from the object would be reflected back through the centre of 
curvature, and an image of the object would be obtained in 
the same position as the object itself. 

If we consider any ray OB (Fig. 137) not passing through 

the centre, then joining B to C the centre of curvature BC is 
the normal at B and * 

the ray OB is re- ^ 

fleeted along a path 
BI such that the 
angles of incidence 
and reflexion are 
equal But a ray of 
light travelling in the 
direction OC will 
after striking the 
mirror be reflected 
back upon its original 
path. Hence two re¬ 
flected rays intersect ^ig. 138.— Focal Length of a Concave Mirror, 
in the point I, and I 

*e mirror. 

real or^irtulb^^“ diagrams, the image may be either 

Principal Focus of a Mirror—Let GB (Fig. 

3 ) be a ray falling on the mirror at B, and parallel to the 

pnncipal axis CP. Join BC. The reflected ray B A wiU 

make ^^ ^ame angle with the normal BC as the iLident ray 
tjB. Let It cut the axis in F. Then ^ 

HBc = CBG 

= BCp (since BG is parallel to CP) 
triangle BFC is isosceles, and 
FC=FB 

ve.^ n‘et"to P "I ?^ “ P°‘"‘ 

ry ear to P| and hence approximately FH=FP 

FC=FP 
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that is, the reflected ray meets the axis in a point half-way 
between the pole and the centre of curvature. This result 
is independent of the position of B (as long as the aperture 
of the mirror is sufficiently small). Hence all the rays 
falling on the mirror parallel to the axis are reflected through 
a single point F, which is called the principal focns of the 
mirror. 

We have been considering the case of a concave mirror, but 
the proof for a convex mirror is similar. Let AA' (Fig. 
*39) t)e a convex mirror, then with the same lettering as 
before produce CB to O, and produce BH backwards to cut 
the axis in F, Then BC" is the normal to the surface at B, 



Fig. 139.—Focal Length of a Convex Mirror. 

fSc=c'Bh 

fCb=g 6 c' (since GB is parallel to CP) 

But C'fiH=GftC' 
rfiC=FCB 
FC = FB 

«= FP as before 

Thus the parallel pencil of rays after reflexion at the convex 
mirror appear to diverge from a single point F behind the 
mirror. 

The point to xvhick all the rays of a parallel pencil of light 
incident on a mirror in the direction of the axis converge^ or from 
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which they appear to diverge, after reflexion at the mirror is 
known as the principal focus of the mirror. 

Xhe principal focus of a concave mirror is in front of the 
*ntrror; that of a convex mirror behind it. 

These results are indicated graphically by the diagrams 
in Fig. 140. ^ 6 

The distance of the principal focus from the pole of the mirror 
IS known as the focal length of the mirror. 




lej^h of a spherical mirror is equal to half the 
radius of curvature. 

Images foimed by Concave and Convex Mirrors.— 
student should take every opportunity of familiarising 
himself practically with the images formed by concave and 

;^;*-^ors. A few actual observations are worth many 
pages of description. ^ 

small luminous flame is placed close to a concave 
and then gradually withdrawn, the following pheno- 
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mena will be observed. When the flame is close to the 
concave mirror, an image of the flame will be seen behind 
the mirror, and somewhat larger than the flame itself. As 
the flame is gradually withdrawn, the image recedes from 
the eye and becomes larger and larger. Finally a point is 
reached where no definite image is seen in the mirror, 
the whole of which appears to be filled with a uniform 
blur of light. The flame is now at the focus of the 
mirror. So far the images, being behind the mirror, have 
been virtual, like that formed by a plane mirror. If now 
we withdraw the flame beyond the focus of the mirror, and, 
standing at some distance from it, look in the direction 
of the mirror, we shall see an image of the flame formed 
in space between our eye and the flame. This image, 
which will be farther from the mirror than the object, will 
be inverted and magnified. Being in front of the mirror 
it will be a real image, and by moving a white screen 
backwards and forwards behind the flame we shall be able 
to catch this image on the screen, when the latter is in the 
proper position. If the flame is now moved still farther from 
the mirror, we shall find that to keep the image sharply 
focused on the screen it will be necessary to move the latter 
nearer to the mirror. At the same time it will be noticed 
that the image becomes smaller. At last we reach a point 
where the image and the object are at the same distance from 
the mirror. This point, as we have seen, is the centre of 
curvature. The image and the object are then the same size. 
If the flame is withdrawn still farther from the mirror the 
screen must be moved nearer to the latter to obtain a sharp 
image, and this image, while still inverted, will be smaller than 
the object. The image will be found to be formed nearer and 
nearer to the principal focus as the object is taken farther 

and farther away from the mirror. 

If a convex mirror is taken instead of the concave, the 
phenomena are much simpler. When the flame is close to 
the mirror an image will be seen in the mirror which is just 
behind the mirror surface and a little smaller than the 
object. As the object is withdrawn from the mirror, the 
image also recedes farther behind the surface, becoming 
smaller in the process. If the object is withdrawn to a 
great distance from the mirror, the image is formed practically 

at the focus. 
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These results can be tabulated as follows : 

C0&0&T6 MirroF 


Position of Object 

Position of Image. 

Size of Image. 

Nature of Image. 

Between mirror 
and focus. 

Between focus and 
centre of curva* 
ture. 

Beyond centre of 
curvature. 

Behind the mirror. 

Beyond centre of 
curvature. 

Between centre of 
curvature and 

foe os. 

Magnified 
and erect. 

Magnified 

' and i n- 

verted. 

Diminished 
and i n« 

verted. 

Virtual. | 

Real. 

Real. 1 


Convex Mirror 

The image is between the pole and the focus, behind the 

’ diminished, and virtual for all positions of 
the object in front of the mirror. 

:^ 9 . Graphical Construction for Images formed by Spherical 
Mtrrors We may easily follow out the formation T these 
im^es by graphical methods. To find the position of the 
optical image of a point we need to know the path of two of 
the rays of light from a point on the object after reflexion in 
the mirror surface. If the positions of the focus and centre 

plrdcX^myr 

I. A ray from tho obfootparallel to the principal axis of the 

"■ » <■■■■ 

a. A ray from the object directed throngh the centre of 

position of 

sidlred"''”Le^^Oo-^"® principles to the images already con- 

and F mirror, C the centre of curvature. 

pole P on the"'^'-^"' • '>""2 half-way between C and the 

L in ^ principal axis COP. Let the object be placed 

from ‘he focus and the mirror. Draw 

from O a straight line O'B meeting the mirror in B, and 
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parallel to the axis CP. This ray after striking the surface is 
reflected through the focus F in the direction EF. Join O' 
to the centre C, and produce the ray to meet the mirror in D. 




Fk;. 141.—Images formed by a Concave Mirror. 

The reflected ray will be in the direction DO'C. If the 
object lies between the mirror and the focus the two reflected 
rays are divergent, and hence do not meet in front of the 
mirror. Produce them backwards to meet in I' behind the 
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mirror. Then I' is the image of O. and IT is the complete 

image of O O. As will be seen from the diagram, it is erect, 

magmfied and virtual. In Fig. 141^ the object is between F 

and u. In this case the two reflected rays DC and BF are 

convergent, and meet in a point I' beyond the centre C. It 

Will be noted that the image point I' is on the opposite side 

of the axis to the corresponding point O' on the object. The 

therefore inverted, and it is also magnified. Since 

the reflected rays actually pass through I' the image is real 

and can be seen on a screen placed in the position II'. The 

cor^truction when the object is beyond the centre is shown 
in Jbig. 141^. 

In the case of the convex mirror (Fig. 142) the centre of 
curvature and the focus are both behind the mirror. To 



find the position of the image of OO' in the mirror, as before, 
we join 0 (_ This ray will be reflected back along its 
wn pat . The ray parallel to the axis is reflected so that 
It appears to come from the focus F. The two rays are 

position of the object; on producing them 
backwards they meet at I'. IT is then the image of O'O in 

mirror. It is obviously erect, diminished, and 
vir^al and lies between the pole and the focus. 

^ the pencil of rays by which the eye sees the image, 

imaS^ ^ plane mirror. Find the position of the 

construction already given. Draw at least two 

po^nt Von''thl ^ <^‘6- *^3) from the 

mirrr^i- ' A ' producc them backwards to meet the 

point ^ it points to the corresponding 

of the rays by which the object is seen by the eye. 
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A point on the object and the corresponding point on ita 
image are called conjugate pointa It is a general principle in 
optics that if a real image of a point O is formed at a second 
point I, then the image of an object placed at I would be seen 
at O. A reference to the diagrams will show that this is true 



Fig, 143. —Diagram to show the Paths of Rays from the 

Object to the £ye. 


in the case of mirrors. Taking Fig. 141^, for example, if we 
regard I'F as a ray of light coming from the point I', then 
since it passes through the focus F it will be reflected from 
the mirror parallel to the axis, that is, in the direction BO'; 
while regarding I'D as a ray from I' through the centre C it 



will be reflected back along its own path DC. These two 
rays meet in O'. Hence an object placed at I' would have 
its image at O' ; I' and O' are conjugate points. 

190 . Determination of the Position of the Image by Calcu¬ 
lation.—The position of the image of an object at a known 
distance from a mirror of known radius of curvature can be 
calculated. Taking the diagram in Fig. 144, let O be an 
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object situated on the axis of the mirror. Let C be the 
centre of curvature, and P the pole. Let OB be any ray of 
light meeting the mirror m B, and let BI, the reflected ray/cut 
the axis in I. Then since the ray OCP passes through the 

T f ’th “ back along its own path, and I is 

therefore the image of O. ^ x 

I^tOP^w; IP = o; andCP = r 
Then B 1 P=BCp+C: 6 I 
Similarly, BCP=B6 p + 0 :^C 

^BOP + Cfil 

smce the angle of incidence OBC=angle of reflexion CBT 
Hence, subtracting the second equation from the first 

B|P - BeP = bCp - BOP 

bip+b6p=2bCp 

A be the len^ of the perpendicular BN from B on the axis. 
Thei^sin^all theangles are small(we consider onIyr/«a//pencils 
of light), theamgles (in circular measure) are very nLrIy equal to 
their sines. Hence, substituting the sines for the angles, wg have 


A 

BI 


2 A 


BO BC 


BI ' BO BC 

hattpp^ro wTe7y ^ - 

BI = PI; BO=PO 


V u r 


/ 

since y=s— 

^ood"“‘TLyVo*not“hf'^°"“'‘‘‘‘°"®o-““®‘ misunder- 

final formula If affect the accuracy of the 

tions do not hold th large that the approxima- 

pass after reL^o^’th >°"8cr 

point image^of the obfer^'’-definite 
tangential ^ra LsmshiJ^^i reflexion all become 

jg P~ P^d surface, which is known as the caustic. 
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The rays forming the central part of the wide beam, however, 
will still intersect each other at the point I, and as the light is 
more concentrated at this point than anywhere else on the 
caustic, a more or less well-defined image will generally be 
seen at I. The bright cusp-shaped line often seen on the 
surface of a cup nearly full of tea, when the light is falling 
upon it nearly horizontally, is a caustic formed by the reflexion 
from the polished inner surface of the cup. 

191 . Convention as to Signs.—The formula just obtained 
can be used for all cases of images formed by spherical mirrors, 
if we make a special convention as to the algebraical sign of 
the different distances employed. The convention generally 
employed in mathematical and physical works is as follows: 

All distances are measured from the pole of the mirror. 
JDistances measured in front of ike mirror, or, in other 
Tvords, lines dra-wn from the pole in the opposite direction to 
the incident beam, are consideredpositive / distances measured 
behind the mirror—that is, lines drazun from the pole in the 
direction in zvhich the incident beam is travelling—are con- 
sidered negative, and must be given a negative (—*) sign when 
introduced into the formula. 

Thus the focal length of a concave mirror and its radius of 
curvature are considered as positive quantities. The focal 
length of a convex mirror and its radius of curvature are 
negative quantities. Thus a convex mirror made from a 
sphere of 15 cms, radius would be said to have a radius of 
curvature of — 15 cms., while a concave mirror made from the 
same sphere would have a radius of curvature of -f- i 5 cms. 
The distance of the object from the mirror must be positive 
in the case of any real object. The distance of the image 
may be positive or negative according as it is in front of, 
or behind, the mirror. If, on evaluating the position of the 
image, the distance calculated from the formula is found to 
be negative, then by the above rules the image is behind the 
mirror, and is therefore virtual. 

With these conventions the formula 



will be found to be applicable to all cases of reflexion at a 
spherical surface. The verification of this may be left as an 
exercise to the student. 
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192. Magnification produced by Spherical Mirrora._Ex 

cept in the special case where the object is at the centre of 

curvature of the mirror, the image formed will be larger or 
smaller than the object. ® 

The ratio of the size of the image to the size of the obfect is 
called the ZDag^nificatioii. ^ 

The size is always reckoned by the linear dimensions of the 

evident that if the image is smaller 
than the object the magnification will be a proper fraction 
and conversely. * 

The magnifi-ation produced by a spherical mirror is equal to 



ffth. mirror to the dis- 
la nee Of the object from the mirror. 

theh mlVechve ° ^ ^md a 

espective distances from the pole of the mirror, then 

Magnification — = ® 

O u 

ing imagP object and CH the correspond- 

is Reflected thT^ striking the pole of the mirror at P 

and since BDP U the corresponding point on the image, 

APD equal fh:%^gle"DTc 

angle JJFC. Also the angles ABP and 
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CDP are right angles. Therefore triangle ABP is similar to 
triangle CDP. 


Magnification — 


CD 

AB 


PD_f» 
PB u 


The proof for a virtual image is similar. With the same 
lettering (Fig. 145, lower diagram) 


A^B = B?C'=D^C 

_ - CD PD V , 

Magnification = = - (as before) 


The experimental determination of the position of the 
image, and of the focal length and radius of curvature of 
mirrors, will be dealt with in a later chapter (§§ 206, 207). 


I. An object 4 cms. high is placed 10 cms. from a concave 
mirror of 40 cms. radius of curvature. Find the position, 
nature, and size of the image. 

[Focal length of miiTOr== } radius of curvature= 20 cms. 


I 

1 _ 

I 

V 

u 

7 

i + 

I 

_ I 

V 

1 0 

20 

I __ 

I 

I 

V 

20 

10 



V 


1 

20 

— 20 cms. 


The negative sign indicates that the image is behind the 
mirror and therefore virtual. 


V _20_^ 

u 10 

2X0—8 cms. 

The image is therefore virtual, erect, 8 cms. high, and 
situated 20 cms. behind the mirror.] 

2. An object is placed 10 cms. in front of a convex mirror 
of 2 0 cms. focal length. Find the position of the image. 


Again 


O 

. 1 = 
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[Applying the formula 

V u y 

1,1 I . 

^ * Yo 20* focal length of a convex 

lens is negative 

J.«-i_J_=-_3_ 

V 20 lO 20 

— 6f cms. 

The image is therefore 6? cms. behind the mirror.] 

3 * object is placed 30 cms. in front of a concave mirror 
of 20 cms. radius of curvature. Find the position of the image 
and calculate the magnification. 

4 * An object placed 40 cms. in front of a concave mirror 

produces a real image 20 cms. from the mirror. Calculate the 
focal length. 

5 * An object 12 cms. in front of a convex mirror produces 
an image 4 cms. behind the mirror. Calculate the focal length. 

6. At what distance must an object be placed from a con¬ 
cave mirror of 20 cms. focal length to produce a real image 
three times the size of the object ? 

[Magnifications > = 3 ; v=i 

* 

V u / 

3M U 20 

«/= 27J cms.] 

7. A spherical mirror produces a real image of an object 
placed 12 cms. in front of it, which is twice the size of the 
Object What is the nature and focal length of the mirror ? 
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PRISMS AND LENSES 

193 . Befiraction through a Prism .—A prism may be defined 
as a ivedge-shapedportion of a transparent medium hounded by 
two plane faces inclined to each other at an angle. 

The angle between the two faces is called the angle of the 
prism. A plane at right angles to the two faces is a 
principal plane of the prism, and the straight line in which 


A 



Fig. 146.—Reffnction through a Prism. 

they intersect is called the edge. We shall suppose that the 
rays of light pass through the prism in a principal plane. 

Let BAC (Fig. 146) be a prism, of which AB and AC are 
the two plane surfaces. Then A is the angle of the prism, and 
the straight line through A perpendicular to the plane of the 
paper is the edge. Suppose a ray of light PQ falls on the 
surface AB at Q. It will be refracted towards the normal at 
Q, and meet the surface AC in R. Here it is refracted out 
of the prism in a direction away from the normal at R, and 
emerges along RS. The emergent ray RS is no longer 

parallel to the incident ray PQ. 
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The angle between the emergent and the incident rays is called 
the deviation of the ray. In the figure it is the angle STU. 

The path of a ray of light through a prism can be mapped 
out by the pin method exactly in the same way as for the 
passage of a ray through a plate. If we trace the paths of 
two such rays, PQRS and PQ'R'S' from a single point P, we 
shall find on producing the rays SR and S'R' backwards that 
they intersect in a point P^ P' is therefore the image of P 
as seen through the prism. On looking through the prism the 
object P will appear to be situated at P'. Since the rays do 
not pass through P' the image is virtual. 

194 . Minimum Deviation.—The deviation produced by a 
prism depends not only on the 
material and angle of the prism, 
but also on the angle which the 
incident ray makes with the sur¬ 
face of the prism. If some 
vertical object, such as a retort 
stand, is viewed through a prism 
placed between it and the eye, 
the portion of the retort stand 
seen through the prism will appear 
displaced towards the refracting 
edge as at P' (Fig. 147). if the 
prism is now rotated slowly about 
the refracting edge the distance 
between P and P' will be seen to 



alter, and there will be one parti¬ 
cular position of the prism at 
which this distance is a minimum. 


Fig. 147.— Apparent Displace¬ 
ment produced by a Prism. 


When this position has been reached, turning the prism in 
either direction will increase the displacement of the image 
and consequently the deviation. This position is known as the 
position of minimum deviation, and is one of great importance. 

It can be shown that when a prism is in the position 
of minimum deviation the rays of light pass symmetrically 
through the prism. I he angle of incidence is then equal to 
the angle of emergence, and the path of the ray in the prism 
Itself IS parallel to the base. If the ray PQRS (Fig. 148) is 
passing through the prism BAG in the position of minimum 
deviation, then the angle of incidence PQN is equal to the 
angle of emergence SRM, and AQ is equal to AR These 
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results can be verified by tracing the path of the ray through 

the pnsm. They can also be deduced mathematically from 
the laws of refraction. 

When a ray passes through a prism with minimum 
deviation there is an important relation between the angle 
of the prism, the deviation, and the refractive index of 


A 



the material. If a is the angle of the prism, 3 the deviation, 
and the refractive index, it can be shown that_ 



Let PQRS (Fig. 148) be a ray passing through the prism 
BAG in the position of minimum deviation, and let NN', 
MM' be normals at Q and R. Then 

NOP=MRS = f (say) 

RON' = QAM'==r (say) 
deviation 3 = U't'S 

= TQA4-TAQ 

= TQO — RQO + T^O — QAO 
= / —rH-f—r 
= 2(i—r) 

. 3 . 

a 
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Also, since RO and QO are normals to the surfaces AC and 
AB, the angle RON' between the normals is equal to the 


A 



angle CAB between the surfaces = a, the angle of the prism. 

a = R6N' 

= oOr+oRq 

= 2r 





ct 

2 

sin i 
sin r 


sin (l + r) 


Sin r 


subsituting for i 


sin - 

2 

g -- '■ substituting for r 

sin - 
2 

195 . Refraction through a Prism of Small Angle.—A prism 
of which the angle is small is called a thin prism. If a ray of 
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light falls nearly normally on a thin prism, then the angle of 
the pnsm and the angles of incidence and refraction are all 
sm^I, and we may write the angles themselves in place of 
their sines. I^t PQRS (Fig. 149) be a ray of light falling 
nearly normally on a thin prism BAG. For the sake of 
clearness the angle A of the prism has been much exaggerated. 
It should not exceed 5® or 6®. Let 

P0n = »; RON'=r; Qfto = r'; SRM=»'' 

Then, as before, deviation 
and the angle of the prism 

a=OAQ+o0R 

But sin i 

sm r 

9 

= - if the angles are small 

. • . / = fLT 

Similarly, 

= 4- ''O — C'-+O 

= l)0E 

This result is independent of the angle at which the in¬ 
cident ray falls on the prism provided it is small. Hence 
for a thin prism the deviation 

^ = (^ — i)a where a is the angle of the prism. 

196 . Refraction of Light* through Lenses ,—^ ietis ts a 
portion of a transparent refracting medium hounded by two 
surfaces. 

The surfaces are usually, but not invariably, spherical. For 
special purposes lenses in which one of the surfaces forms a 
portion of a cylinder are used. These are known as astig¬ 
matic lenses, and are used by opticians to correct a deficiency 
of the eye known as astigmatism. In the present chapter we 
shall confine our attention to the simpler case where the two 
surfaces of the lens are each portions of a sphere. 
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The line joining ike centres of the two spheres which bound the 
lens is known as the axis of the lens. 

A lens which is thickest at the axis is called a convex lens- 
It deviates a ray of light falling upon it towards the axis, and is 
therefore also known as a converging lens. 

A lens which is thinnest at the axis is called a concave lens. 
It deviates a ray of light away from the axiSy and is therefore 
known as a diverging lens. 

Lenses may also be described by means of the surfaces 
which bound them. Thus, in Fig. 150, {a) is a biconvex lens, 
being bounded by two convex surfaces ; \b) is a plano-convex 
lens, bounded by one plane and one convex surface; the lens 
(<:), bounded by two spheres whose centres lie on the same 
side of the lens, is known as a converging meniscus. Similarly, 






Fig. 150.—Convex Lenses, 


Fio. 1 5 1 .—Concave Lenses. 


among the concave lenses in Fig. 151, {a) is a biconcave', 
(b) a plano-concave lens ; while (r) is described as a diverging 
meniscus. 

If the thickness of the lens is small compared with the focal 
lengthy the lens is called a thin lens. IVe shall confine our 
attention to thin lenses. 

If a beam of parallel rays falls on a lens in a direction 
parallel to the axis it will, after refraction through the lens, either 
co?iverge to a single point on the axis in the case of a convex lens, 
or appear to diverge from a single point in the case of a concave 
lens. This point is called a principal focus of the lens. 

IVhen the lens is thin the distance of the focus from the centre 
of the lens is called the focal length. 

Since light may pass through the lens in either direction each 
lens will have two principal foci, one on each side. The distance 
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of each of these points from the centre of the lens is the same. 
There is only one focal length for each lens. 

As will be seen from the diagrams (Fig. 152) the focus of a 
converging or convex lens is on the opposite side of the lens 
to that on which the pencil 6rst falls. The focus of a diverg¬ 
ing or concave lens is on the same side of the lens as that on 
which the pencil first falls. Hence, by our convention as to 
signs (§ 191), the focal length of a convex lens is negative, 



the focal length of a concave lens is positive. This is exactly 
the same as in the case of the mirrors. 

197 . Images formed by Convex and Concave Lenses.—Let 
us take a small flame as an object, and place it close to a 
convex lens. On looking through the lens a magnified image 
of the flame is seen behind the lens. Since the image is 
behind the lens it is virtual. If the flame is now gradually 
withdrawn from the lens, the image also recedes farther 
behind it, and becomes still larger. Finally, a point is reached 
where no definite image is seen, but the whole lens appears 
filled with a blur of light. The object is then at the focus. 

If we move the object flame a little farther from the lens, 
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and, standing well back from the lens, look through it in the 
direction of the flame, we shall see somewhere in space 
between our eye and the lens an image which is magnified 
but inverted. This is a real image of the object, since the 
rays actually pass through it. We can, therefore, catch it upon 
a screen placed at the proper point. The picture seen on the 
screen at a cinematograph show is an image of this kind pro¬ 
jected by the convex lens of the lantern. 

If the object is moved still^a/'r/itf'r from the lens, the screen 
must be moved nearer to the lens to obtain a sharp image of 
the flame upon it, and at the same time the size of the image 
grows smaller. Thus at distances from the lens greater than 
the focal length, the farther the object is from the lens the 
nearer the image will be to the lens, and the smaller it will 
become. If the object is placed at a distance from the lens 
equal to twice the focal length the image will be at the same 
distance from the lens on the opposite side, and the image and 
object will be the same size. (It must be noted that this point 
is not the centre of curvature of either of the faces of the lens.) 

The phenomena with a concave lens are simpler. Place 
the flame close behind the concave lens and view it from the 
opposite side. The image of the flame will be seen behind 
the lens—that is, on the same side as the flame. It is virtual, 
upright, and diminished. As the flame is moved farther from 
the lens, the image also moves away from the lens, but much 
more slowly. At the same time it becomes progressively 
smaller. As the object is moved to a great distance the 
image approaches the focus of the lens. The image formed 
by a concave lens is therefore always virtual, erect, and 
diminished, and lies between the lens and the focus. 

The student should familiarise himself with these various 

images by actual observation. The results may be tabulated 
as follows : 


Convex Lena 


Position of Object. 

Position of Image. 

Characteristics of Image. 

Between lens and 
focus. 

On same side as object, 
and moves from lens 
to infinity as object 
moves from lens to /. 

Beyond 2/' on opposite 
side of lens. 

Virtual, erect, enlarged. 

Betweeny'and nf. 

Real, inverted, magnified. 

Beyond 

Between zy'and /. 

Real, inverted, diminished. 

--—-- - 
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Concave Lena 

The image is always virtual, erect, and diminished, and 
moves from the lens to the focus, as the object moves from 
the lens to infinity. The image is always on the same side as 
the object. 

198 . Graphical Construction for the Position of the Image. 
—To fix the position of the image we need to be able to trace 
the course of two rays from a given point on the object If 
the position of the focus is known, we can proceed as follows ; 

1. A ray of light falling on the lens parallel to the axis is 
refracted through the lens so as to pass through, or to appear to 
come from, the corresponding focus. In the case of a convex 
lens the corresponding focus is the one on the opposite side of the 
lens to that of the object. In the case of the concave lens 
it is the focus on the same side as the object. This will be 
obvious from the diagrams in Fig. 152. 

2. Since the axis of the lens is the line joining the 
centres of curvature of the two faces, it is normal to both of 
them, and hence the two surfaces are parallel to each other at 
the points where they meet the axis. The case of a ray of 
light meeting the lens at the centre is therefore the same as 
that of a ray passing through a parallel-sided plate. As we 
have seen (§ 182), in this case the ray emerges parallel to its 
original direction, while as the lens is thin any lateral dis¬ 
placement may be neglected. Hence a ray of light passing 
through the centre of the lens proceeds on its path without 
deviation. 

To apply these results let A A' (Fig. 153) be the lens, and 
let C be its centre. Draw the axis and mark off the points 
F, F' at a distance equal to the focal length of the lens from 
C. Let 00' be a small object. O' being a point on the axis. 
Join OC and produce it if necessary. Then OC produced is 
the path of a ray of light from O through the lens. Draw 
OP parallel to the axis, meeting the lens in P. Since we have 
agreed to neglect the thickness of the lens we must regard 
it as being represented for practical purposes by the line 
AA'. Join P to the corresponding focus F. Then OFF 
is the path of a second ray of light from O. The point 
I, where the two rays emerging from the lens intersect (the 
lines being produced backwards if necessary), is the position 
of the image of O formed by the lens. The image of 
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00' is therefore formed at II'. The actual construction for 
the various images already considered is shown in the diagrams 
in Fig. 153. In the case of (d) and (c) the two rays actually 
intersect, and the images are real. In the case of (a) and (d) 
one or both of the rays requires to be produced backwards, 
as the beam emerging from the lens is divergent. Hence the 
corresponding images are virtual. In Figs. and («r), G and 




G' represent points on the axis situated at distances from the 
lens equal to twice the focal length. 

199. Magnification produced by the Lens .—TVie ratio oj 
tke size 0/ the image to the size of the object is called the 

magnification. 

The magnification is equal to therefore be 

obtained by direct measurement on the diagrams. Since OCl 
is a straight line, OCO' equals ICI'. Also the angles OO'C 
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and II'C are right angles. Hence the two triangles OCO' 
and ICI' are similar; and hence 

MaSalflcaUon= size of image ^ JT 

Size of object OO 

_Cl'_distance of image 

CO' distance of object 

_ ▼ 

u 


Thus the magnification is equal to the ratio of the distance 
of the image to the distance of obj ect from the lens. 



Fig. 154.—Refraction through a Lens. 

200 . Mode of Formation of Images by Itenses.—Consider 
a ray PQRS (Fig. 154) meeting the surfaces of the lens is Q 
and R. The radius of curvature of the spherical surface at 
Q is the normal at that point, so that the tangent at Q 
is at right angles to the normal. We may regard the 
surface of the lens just around Q as coinciding with the 
tangent plane TT at this point. Similarly, we may regard the 
surface of the lens around R as coinciding with the tangent 
plane T'T to the surface at the point R. If the two tangents 
meet in A, then the ray PQRS may be regarded as being 
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refracted through a portion of the thin prism TAT'. Its 
deviation d is therefore given by the formula 

—1)0, where a is the angle TAT'. 

Similarly, every ray which falls upon the lens may be re¬ 
garded as being refracted through the thin 
prism formed by the intersection of the ^ 

tangent planes at the points of incidence * i 

and emergence of the ray. Now the angle / \ 

between the two tangents increases as the / * \ 

distance of the point of incidence from the 
axis increases. We may thus regard any 
section of the lens as being made up of a 
very large number of truncated prisms, the 
angle of the prisms (Fig. 155) increasing 
with the distance from the axis. But the 
deviation produced by a thin prism is propor¬ 
tional to the angle of the prism. Hence the 
rays which strike the lens at some distance 
from the axis are more deviated than those 
which are closer to it. Thus, in the case 
of the convex lens (Fig. 156), the divergent 
beam starting from P after passing through 
the series of prisms emerges as a beam of 
rays converging to the point S. The action 
in the case of a concave lens (Fig. 157) is 
similar, only in this case the prisms are piled 
together with their angles directed towards 
the axis, while in the convex lens the angles 
of the prisms point away from the axis. 

Thus in the concave lens the rays of light Fig. 155.—a Lens 
(which are always deviated towards the base regarded as made 

of a prism) are deviated away from the axis, XhiS P^risr^!^^ 
while in the convex lens the deviation is 
towards the axis. The concave lens, therefore, makes a beam 
of rays more divergent, the convex lens makes it either less 
divergent iri which case a virtual image is formed or actually 
convergent in which case a real image is formed. 

‘ 201 . FormtUa connecting the Positions of Object and 
Image.—This method of treating a lens may be used to ob¬ 
tain a formula connecting the positions of the object and its 
image with the focal length of the lens. 

20 
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Fig. 156.—Refraction through a Convex Len*. 



Fig. 157.—Refraction through a Concave Lens. 



FiC. 158.—Formula connecting Position of Image and Object. 


PRISMS AND LENSES 


307 


Let OR be a ray parallel to the axis PCF of the lens AA' 
(Fig. 158). Since the lens is supposed to be a thin lens, we 
may regard the point of incidence and the point of emergence 
as coinciding at R on the line AA'^. The ray will be refracted 
through the focus F of the lens, and the deviation 5 is the angle 
O'^F. But, since OO' is parallel to FC, 

a = 0'AF=RFC 

Since the angles are all small, we may replace them by their 
tangents. Hence— 

T> RC h 

o=RFC = ^=^ 

where /\s the focal length. 

Let PR be a ray from a point on the axis of the lens meet¬ 
ing the lens in the same point R, and let RS' be the emergent 
ray. In the figure the ray is bent towards the axis, but the 
deviation is not sufficient to make it meet the axis again 
—that is to say, P has been taken within the focal length. 
Produce the ray S'R backwards to meet the axis in S. Then 
S is the image of P as seen through the lens. In this case it 
is virtual. Producing PR to P', then P'RS' is the deviation. 
Now 

Rf^C = PSR-hPAS 

= CSr-i-p'Rs' 

Out we have already seen that the deviation produced by a 
thin prism is independent of the angle at which the ray strikes 
the prism. Hence, regarding the portion of the lens near R 
as a part of a thin prism, the deviation of the ray PR is the 
same as the deviation of the ray OR. That is— 

P'RS'= deviation of ray PR 

= deviation of ray OR meeting the lens in the 
same point R 

= RfC 

rPc^rsc+rI^c 

Now these angles are in practice so small that we may 
regard them as being e<|uai to their sines. Replacing the 
angles by the sines, therefore, we have, if 

FC=focal length of lens=_/; PC = distance of object from 
lens=sM ; SC = distance of image from lens=» 

RC_RC RC 
PR SR'^FR 
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But since the aperture of the lens is small, R is always very 
near C. Hence, as in the case of a mirror, we have 

RC RC RC 
CP ~ CS ^ 

But by our convention as to signs (§ 191) distances measured 
from the lens m the opposite direction to that in which the 
light IS travelling are considered positive quantities : those 
measured in the direction in which the light is travelling are 
considered to be negative quantities. CF will therefore be 
^garded as a negative quantity and must be written as — 
Dividing through by RC, and remembering that in the case 
of a convex lens f is negative, 

1= —l-i-i. 

Or, rearranging the terms, 

i, — Is= * 

V u / 

Xhis important relation has been obtained from a ccjn* 
sideration of only one of the three cases of the formation 
of images by lenses. The student should verify, by drawing 
the figures, that it applies equally to all cases, if due con¬ 
sideration is paid to the convention as to signs, explained 
In § 19Z. 

202. Rules for finding the Position of the Image by 
Calculation.—i. The formula connecting v, the distance of 
the image formed by a thin lens, with n the distance of the 
object from the lens, and f the focal length, is 

V 

This formula applies to both concave and convex lenses, if 
due account is taken of the convention as to signs. 

2. The focal length of a concave lens is positive; the focal 
length of a convex lens is negative, 

3. A virtual image is always situated on the same side of 
the lens as the object, and the corresponding value of v is 
positive. A real image is formed on the opposite side of 
the lens to the object, and the corresponding value of v is 
negative. 


PRISMS AND LENSES 


309 


4. Conversely, if on evaluating the equation the numerical 
value of V is positive, the image is virtual, and is situated on 
the same side of the lens as the object. If the numerical 
value of V is found to have a negative sign, the image 
is real, and on the opposite side of the lens from the 
object. 

5. In every case the student is advised to check the results 
obtained from the formula by constructing a rough diagram, 
and verifying that the results obtained from the formula are 
consistent with the graphical construction. 

The formula differs from the similar one for mirrors in 
having a negative instead of a positive sign between the 
reciprocals of v and u. 

203 . Oombination of Two or more Thin Lenses.—If two 



thin lenses of focal lengthsyj andyjj are placed in contact, they 

will act as a single lens of focal length F given by the 
equation 




The reciprocal of the focal length of a combination of thin 
lenses in contact is equal to the sum of the reciprocals of 
the focal lengths of the constituent thin lenses. 


1 his result can easily be obtained by considering the 
lenses as formed of thin prisms. For let OR (Fig. 159) be 
a ray parallel to the axis of the two lenses, falling on the first 
lens at a distance A from the axis. The deviation of the ray 

by the first lens is given by ^ where is the focal length. 

Since the lenses are in contact the ray strikes the second lens 
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also at a distance h from the axis, and is deviated through an 

angle equal to — where is the focal length of the second 

y 2 

lens. The total deviation is therefore the algebraical sum of 

h h 

these two deviations—that is to say, 7-+7-, where each focal 

length carries its own sign. But if F is the focal length of 
the combination, the deviation of the ray must be equal to 

Thus— 

y /, /* 

■■ F 

The formula can obviously be extended to any number of 
lenses, provided that the total thickness of the lenses can be 
neglected in comparison with the final focal length. In 
applying the formula care must be taken to give each focal 
length its appropriate 

204 . Converging Power of a Lens .—TAe devtafion pro¬ 
duced by a lens in a ray of light incident upon it at unit 
distance from the axis is called the converging power of 
the lens* 

As we have seen, the deviation produced in a ray striking 
a lens at distance h from the axis is numerically equal to j 
where f\s the focal length. The converging power is there¬ 
fore numerically equal to ~ The converging power is con- 

sidered positive if the ray is deviated towards the axis—-that 
is, in the case of a convex lens. Hence, if we are to keep to 
the convention as to signs in which the focal length of a 
convex lens is considered negative, we must write 

Converging power = —L 

If the focal length is measured in metres^ the converging 
power is expressed in dioptres^ the unit usually employed by 
opticians. 
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The result obtained in § 203 can now be expressed in the 
form 

T'^e converging pouver of a combination of thin tenses in 
contact is equal to the algebraical sum of the converging 
powers of the separate lenses. 


I. An object is placed 10 cms. from a convex lens of 
15 cms. focal length. Find the position of the image. 

^ V u f 

- — — = — — (since focal length of convex lens is 
^ ^ ^ negative) 


30 cms. 

Since the sign of the result is positive, the image is on the 
same side of the lens as the object, and is therefore 
virtual.] 

2 An object is placed 20 cms, from a convex lens of 
IS cms. focal length. Find the position of the image and 
the magnification. 


[ 1 - 1=1 

V u f 

^ _ I 

V 20 15 

— 60 cms. 

The sign is negative; the image is therefore on the 
opposite side of the lens and is real. 


Magnification^ - = — = 3. 

u 20 

Image is three times the size of the object.] 

3. An object placed 20 cms. from a lens produces an 
image 5 cms. from the lens on the same side as the object. 
Calculate the focal length of the lens. 
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Here v is positive, since image is on the same side of the 
lens as the object 

. 1 _ 

' ' 5 20 f 

y=6|- cm§. 

Focal length is positive ; the lens is therefore concave.'] 

4 - A lens produces a real image of an object placed 
30 ctns. from it, the image being zo cms.away from the lens 
on the opposite side to the object What is the nature of 
the lens, and what is its focal length ? 

5. At what distance must an object be placed from a 
convex lens of zo cms. focal length to obtain a real image four 
times the size of the object ? 

6 . At what distance from a convex lens of zo cms. focal 
length must an object be placed in order to obtain a virtual 
image four times the size of the object ? 

7. A convex lens of 30 cms, focal length is combined with 
a concave lens of 15 cms. focal length. What is the nature 
and focal length of the combination ? 


A A 

= —L+J. 

»•. Fs 5= -4- 30 cms. 

Since the focal length is positive the combination acts 
as a concave lens.j 


8. Two convex lenses, the focal lengths of which are 15 
cms. and 30 cms., are combined to form a single lens. What 
is the focal length of the combination ? 

9. A convex lens of focal length zo cms. is combined with 
a concave lens of focal length 40 cms. What is the nature 
and focal length of the combination ? 



CHAPTER V 


MEASUREMENTS WITH MIRRORS ANI> 

LENSES 

205 . Parallax.—Suppose we have two upright stands A 
and B (Fig. i6o), separated by some little distance. An eye 
Ej looking at the stands in the direction BA of the line 
joining them will see the stands exactly in the same line. If, 



however, the‘eye is moved a little to the left, say to B 
will be seen in the direction E^B, while A will appear in the 
direction E^A. Thus the stands will appear to move apart, B 
being seen a little to the right of A. Similarly, if we move 
the eye to some position Eg to the right of E^, the stands will 
be seen in the directions EgB and EgA, so that B will now 
appear to the left of A. This apparent motion of the two 
objects relatively to each other is known as parallax. It will 

3»3 
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be seen that the more distant of the two objects moves relatively 
to the nearer in t?u direction in which the eye is moved. 

The parallax becomes less as the distance between the objects 
is decreased. If the two objects are at the same point (if, for 
example, A were vertically above B) there would be no parallax, 
and the two objects would not separate when the eye was moved. 

Suppose now that instead of being a real object A is an 
optical image either real or virtual, formed by some optical 

system, exactly the same 
phenomena occur. If A is 
farther from the eye than the 
stand B it will appear to sepa¬ 
rate from it when the head is 
moved, moving in the same 
direction as the eye. If A 
is nearer to the eye than the 
stand, there will again be 
parallax, the image this time 
moving in the opposite direc¬ 
tion to that of the eye. In one 
position only will there be no 
parallax. When this occurs, 
A and B must be in the same 
position. Hence by moving 
the stand B backwards or for¬ 
wards along the line AB, 
until a position is found when 
there is no parallax between 
the stand and the image, the 
stand will then be exactly in 
the position of the image. 
This method of finding the 
position of an image is known as the method of parallax. It 
is by far the most convenient elementary method, as it does not 
require either a darkened room or a luminous object. A pin 
mounted on a movable stand will serve as the object for the 
optical system, while a second pin, moimted in a similar way, 
will serve for the finder B. 

206 . To measure the Radius of Curvature and Focal Length 
of a Concave Mirror.—Take one of the pins and move it 
along the axis of the mirror until the inverted real image 
coincides .with the pin itself without parallax (Fig, i6i). 



Fig. i6i.— Determination of Radius 
of Curvature of Concave Mirror, 
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This is verified by moving the head from side \o side, and 
seeing that the image and the object remain in contact for all 
positions of the eye. When the adjustment has been made, 
the image and the object are in the same position in space. 
Hence the object is at the centre of curvature of the concave 
mirror. The distance from this point to the surface of the 
mirror is the radius of curvature (§ 186). Half this distance 
is the focal length of the concave mirror. 

The focal length can also be obtained from the formula 

V U y 

by using one pin as the object and finding the position of its 
image by moving a second pin along the axis until the image 



Fig. 162. —Determination of Focal Length of Concave Mirror. 

of the first pin is seen without parallax in line with the 
second (Fig. 163). The distances u and v of the object and 
image from the mirror can be measured, and by substituting 
in the formula the focal length can be calculated. By taking 
various positions of the object pin and finding the correspond¬ 
ing position of the image by the method of parallax the 
formula itself can be verified. It can also be readily seen 
that When the image of the first pin coincides without parallax 
with the second, that the image of the second pin is formed 
without parallax at the first pin. The image and the object 
are thus conjugate points. 

207 . To measure the Radius of Curvature and Focal 
Length of a Convex Mirror.—The images formed by a con¬ 
vex mirror are virtual and situated behind the mirror. It 
will therefore be necessary cither to use a finding pin sufficiently 
long to project above the mirror itself, or to remove a narrow 
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band of silvering from the centre of the mirror so as to leave 
an area of clear glass through which the exploring pin can be 

seen. The object is placed 
at some convenient distance 
in front of the convex mirror, 
and the exploring pin is 
placed behind it and moved 
along the axis until the re¬ 
flected image in the mirror is 
seen to be in the same straight 
line as the second pin, and 
without any parallax between 
them. The virtual image is 
then in the same position as 
the second pin, and its dis¬ 
tance from the mirror can be 
measured. By substituting 
in the formula the focal 
length can be calculated. It 
must be remembered that 
the distance of the image 
from the mirror in this case 
is negative. 

fig. i63.-Det«mination of Focal , ^ more accurate method 
I.ength of Convex Mirror. of finding the focal length 

of a convex mirror is shown 
in Fig. 164, A pencil of rays from the point P of a pin falls 
on a convex lens LL', and after refraction through the lens 
forms a converging beam of rays coming to focus at a point C 



Fig. 164.— Determination of Focal Length of Convex Mirror—2nd Method, 

on the axis. C is of course the real image of P formed 
by the lens. Now if we place a convex mirror MM^ in 
such a position that its centre of curvature is at C, each 
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meet the surface of the mirror normally and 
wU thus be reflected back along its own path. After passing 
through the lens it will therefore form an image of the pin at 

if a convex mirror 

IS placed behind the lens and moved backwards and forwards 
imtil ^ image of P is seen coinciding with P without parallax, 
then C is the centre of curvature of the convex mirror. The 
distance between the mirror and lens is measured, and the 
muTor removed. Without moving the lens or pin P a second 
pin IS placed so that the image of P is formed upon it with¬ 
out parallax. This second pin will be at the point C. 
Measure the distance of the second pin from the lens (CB) 
and subtract the distance AB between the mirror and lens! 

The difference AC is the radius of curvature of the mirror 
208 . To measure 
the Focal Len^h of 
a Convex Lens.— 

The focal length of 
a convex lens can 
be calculated from 
the formula 

1 — 1 = * 

V u / 



An object pin is 

placed on one side 165a.-—Determination of Focal Length 

of the lens at such a 

distance that a real image is formed on the opposite side of the 
lens. A second pm is then moved along the axis until it 
coincides without parallax with the image of the first pin. 
The distances of the two pins from the lens are measured 
and substituted in the formula, remembering that the distance 

nf the "‘‘I be negative. By taking different positions 

,h -T corresponding images by 

the method of parallax, the formula itself can be verified 

1 he experiment can, of course, also be performed by taking 

LhiT°b'v illuminated from 

behind by a small flame, and focusing the image on a 

verti^ white screen. Any of the experiments in ^h^ch the 

image formed is real can be earned out in this way, if desired 

convex Tens i‘;°T"‘""‘ focaMcngth Tf a 

shown in Fig. 165^7. The convex lens LL' is 
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placed in front of a plane mirror, with its axis normal to the 
mirror. A pin is placed at some distance from the lens and 
gradually moved towards it until an inverted image of the 
pin is seen coinciding without parallax with the pin itself. The 
pin is now at the focus of the lens. The rays of light from 
the pin, when the latter is at the focus of the lens, emerge 
on the other side of the lens as a parallel beam, and falling 
normally upon the plane mirror are reflected back upon the 
same path, and thus are brought by the lens to a focus at the 
point from which they started. 

209 . To measure tlie Focal Length of a Concave Lens.—The 
position of the virtual image formed by a concave lens can be 
found by the method of parallax, using, as in the case of the 
convex mirror, a search-pin sufficiently long to project well 
above the margin of the lens. The object in this case must 
also be behind the lens. The search-pin is moved about 
until there is no parallax between those portions of it which 
appear above and below the lens and the image of the object 
seen through the lens. The search-pin is then in the 
position of the image, and the formula for lenses can be 
applied. 

A more satisfactory method, however, is to take a convex 
lens of a sufficiently sAort focal length to make the combination 
convex, and placing the two in contact with their axes in the 
same line to find the focal length K of the combination by 
use of a plane mirror as already described. The focal length 
of the convex lens must be less than that of the concave lens 
so that the combination acts as a convex lens. The focal 
length of the single convex lens is then determined, and by 
substituting in the formula (§ 203) 

F A A 

the value of the focal length of the concave lens can be 
calculated. It must be remembered that both F andyj, the 
focal lengths of the combination of lenses and the single 
convex lens, are negative. 

The focal length of a concave lens can also be found by 
means of a concave mirror. A pin is adjusted at the centre C 
(Fig. 165^) of the mirror MM' (by the method of parallax, 

§ 206), and its distance AC from the mirror measured. The 
concave lens LL' is then inserted between the pin and the 
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mirror, and the pin is now moved farther away from the lena 
until a position Q is reached, when the pin and its image again 
coincide. The position is then as shown in Fig. 165^. Rays 
from Q after refraction in the lens must meet the mirror 
normally in order that they may be sent back along their 
original paths. Hence on leaving the lens they must be 
radiating from the centre of the mirror, /.<?. from C. Thus 
C and Q are conjugate points for the lens. BQ ( — «) can 
be measured directly and BC ( = z;) —AC—AB. Sub¬ 
stituting in the usual formula, y can be calculated. 

210 . To find the Position of the Image formed by Reflexion 
at a Plane Mirror.—A narrow strip of plane mirror is 



mounted vertically in a stand, and a pin is placed in front of 
it at a suitable distance. A longer pin is placed behind the 
mirror so that it can be seen projecting above it, and is 
moved about until it forms a straight line with the image of 
the first pin in the mirror, the two keeping in one unbroken 
line when the head is moved from side to side. Since there is 
no parallax between the image and the search-pin, the latter 
marks the position of the image. It can then be verified by 
measurement that the image is as far behind the mirror as the 
object is in front of it. 

find the Position of the Image formed by Refrac¬ 
tion through a Plate.—The position of the image can be 
found by parallax by ruling a vertical line on the back surface 
of the plate. On looking through the block from the oppo- 
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site side the image of this line will be seen apparently within 
the block itself. If now a brightly illuminated pin is placed 
in front of the block a faint image of the pin can be seen re¬ 
flected from the first surface of the block, which acts as a 
plane mirror. By moving the pin backwards and forwards 
this image can be made to coincide without parallax with the 
image of the vertical line seen through the block. Now the 
image formed in a plane mirror is as far behind the mirror 
as the object is in front. Hence i£ d is the distance of the pin 
in front of the surface of the block, the distance of the two 
images behind the surface will also be d. Hence the position 

of the refracted 
image is known. 

The position of 
the image of the 
scratch can also be 
obtained by holding 
the test-pin in a 
vertical position so 
that its point just 
touches the upper 
surface of the block 
as at P (Fig. 166), 
and moving it back- 

Fig. 166.—Determination of Position of the wards or forwards 
Image formed by Refraction through a Plate, until there IS nO 

parallax between the 

point of the pin and the image of the upper end of the 
scratch. This method is rather easier to carry out than the 
one described above, but is not quite so accurate. 

It has been shown (§ 183) that if / is the thickness of the 
block, (/j its refractive index, and d the distance of the image 
from the front surface. 



The refractive index can thus be determined. 

The refractive index of a liquid can be determined in a 
similar manner by placing it in a trough the ends of which are 
made of two parallel sheets of thin glass, thus forming as it 
were a parallel-sided block of liquid. The most accurate 
method of determining refractive indices both for solids and 
liquids is by the use of a spectrometer (§ 223). 
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EXAMINATION QUESTIONS.—X 

1. Describe the characteristics of the images formed by 
concave and convex mirrors. Illustrate your answer with 
diagrams. 

2. What is an optical image? Describe how you would 
obtain (a) a virtual image, (d) a real image, by the reflexion 
of light. Illustrate your answer with diagrams and indicate 
clearly where the eye must be placed in order to see the image. 

3. Draw diagrams showing how (a) an erect image, 
(^) an inverted image, may be formed by a concave mirror. 
How would you find optically the radius of curvature of a 
concave mirror? 

4. Define the focus and the focal length of a spherical 
mirror. Prove that the focal length of a spherical convex 
mirror is equal to one-half of its radius of curvature. 

5. Light from an object at a distance of 20 cms. from a 
spherical mirror is reflected so as to form upon a screen an 
image four times the height of the object. Find the nature 
and fo^l length of the mirror, and illustrate by a diagram the 
formation of the image. 

6. Describe some method of finding the focal length of a 
convex mirror. An object 4 cms. high is placed 10 cms. in 
front of a convex mirror of 10 cms. focal length. What will 
be the position and size of the image ? 

7. Explain how the position of the image formed by re¬ 
flexion or refraction can be found graphically. Draw the 
figure m the case of a concave lens, and deduce from it 
the relauon between the focal length and the distances of 
the object and the image from the lens. 

8. A distant object is viewed through a concave lens 

Describe the nature and position of the image, and explain its 
formation. ^ 

9. A lens of 12 inches focal length produces a virtual 

image whose linear dimensions are one-third those of the 

object. What kind of lens is it? Determine the position of 
object and image* 

TO. A cube of clear glass 9 cms. thick is placed over an 
ink spot on a horizontal sheet of white paper. Find the 
apparent position of the spot as seen by an eye looking 
vertically down upon it through the upper surface. Why 
cannot the spot be seen through the vertical faces ? ^ 



CHAPTER VI 

OPTICAL INSTRUMENTS—THE EYE 

212 . TheProjectingLantem.—^The projecting lantern (usually 
known as the magic lantern) consists essentially merely of a 
convex lens, or combination of lenses. The object is a trans¬ 
parency, usually produced by photography on glass or celluloid, 
placed just beyond the focus of the convex lens. A real and 



enlarged image of the transparency is therefore formed by the 
lens, and can be received on a screen placed at some distance 
from the lantern. The image is focused sharply on tlie 
screen by regulating the distance between the object and the 
lens. The real image formed by a convex lens is inverted. 
Hence, in order that the picture may appear the right way up 
on the screen, the slide or transparency must be placed in the 
lantern upside down. 

As the image is very much larger than the object its 
intensity of illumination is much less. The light passing 
through a lantern slide, 3 inches square, may have to 
illuminate a screen 12 feet square or more. The intensity 
of illumination of the screen is therefore less than one two 
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thousandth of that of the slide. Hence if the picture on the 
screen is to be easily visible the light falling on the object 
must be very intense. A powerful source of illumination is 
therefore employed, such as the electric arc lamp, or a 
cylinder of lime raised to a white heat by an oxyhydrogen 
blowpipe flame. It can be shown that the intensity of the 
light passing through the lens L can be increased by means 
of a condensing lens C (Fig. 167). The slide is placed 
between the condenser and the projecting lens L. 

213 . The Photographic Camera.—The photographic camera 
consists of a small light-proof chamber, generally made on the 
principle of a bellows so that the distance from front to back 
can be adjusted. A convex lens L (Fig. 168) placed in the 
front of the chamber forms a real image of an object in front 



of the camera, and the length of the chamber is adjusted 

until this image is seen sharply defined on a sheet of ground 

glass, placed at P. The glass is then replaced by a 

sensitive photographic plate, and the exposure made by means 

of a shutter. A stop S is generally employed to limit the 

aperture of the lens and to regulate the amount of light 

admitted to the camera. In cheap cameras the lens may be 

a simple convex meniscus. In more expensive instruments 

combinations of lenses are employed in order to improve the 
definition of the image. 

214 . The Eye. From an optical point of view the eye may 
be regarded as a sort of photographic camera. The eye is 
nearly spherical in shape and is divided into two chambers by a 
biconvex lens L (Fig. 169), known as the crystalline lens, which 
plays the chief part in the formation of the image. In front 
of the lens IS a chamber A filled with a liquid known as the 
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aqueous humour, while behind the lens the eye is filled with 
a transparent jelly-like substance known as the vitreous 
humour V. The refractive indices of these fluids is about the 
same as that of water. The iris D, placed just before the lens, 
acts as a stop limiting the rays of light entering the eye to a 
narrow central pencil. It also serves to regulate the quantity 
of light entering the eye, expanding when the light is weak 
and contracting when the light is strong. For our purposes 
this combination of fluids and lens may be regarded as acting 
like a simple convex lens of appropriate focal length, with its 
centre at a point just inside the posterior surface of the crystal¬ 
line lens. The front 
of the eye is bounded 
by a transparent sub¬ 
stance known as the 
cornea. 

In order that any 
object may be seen 
clearly, the image of 
it formed by this 
optical system must 
be focused sharply 
upon the posterior 
surface of the eye¬ 
ball, known as the 
retina. In the nor¬ 
mal eye, when un- 
FiG. 169.—The Eye. Strained, the distance 

from the lens to the 

retina is equal to the focal length of the lens, and very distant 
objects are thus brought to a focus on the retina. The eye 
is said to be focused for infinity. 

Since the behaviour of the eye must be governed by the 
ordinary laws for lenses, it is evident that under these circum¬ 
stances the images of objects near the eye would be formed 
behind the retina, and would thus be quite out of focus and 
correspondingly blurred. In an ordinary camera the images 
of near objects are focused on the screen by increasing the 
distance of the screen from the lens. In the eye, however, 
this distance is fixed. The only way in which images of near 
objects can be sharply focused on the retina is by an alteration 
in the focal length of the crystalline lens. 
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To effect this, the crystalline lens is supported by muscles 
known as ciliary muscles, which are capable of increasing the 
curvature of the lens and so diminishing its focal length. This 
process is known as accommodation. 

The normal unaccommodated eye is focused for infinity, all 
nearer objects being brought into focus by the action of the 
ciliary muscles on the lens. The power of accommodation is 
limited, and objects too close to the eye cannot be seen clearly. 

The smallest distance from the eye at Tohich an object can be 
situated to form a clear image on the retina is known as the 
minimum distance of distinct vision. It is generally taken as 25 cms. 




Fig. 170.— Sh<>rt*Sight and its Correction 
by a Concave Lens. 

The actual value, of course, depends on the focal length 
and accommodating powers of the individual eye. The 
power of accommodation differs in different individuals and 
also at different ages, becoming markedly less as old age 
approaches. 

215 . Defects of the Eye. — i. Myopia, or Short-Sight.— 
In this condition of the eye, the eyeball is too long for the 
lens, and the image of a distant object, instead of being formed 
on the retina, as in the case of the normal unaccommodated 
eye, is formed in front of it (Fig. lyo^). As the ciliary 
muscles can only shorten the focal length of the lens, it follows 
that distant objects cannot be seen clearly by a short-sighted 
person without the assistance of some other lens. As the 
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object moves nearer to the eye the image moves farther back, 
and eventually a point is reached, such as P in the figure, for 
which the image formed by the unaccommodated lens is on 
the retina. At this point objects begin to be seen distinctly. 
It is known as the far-point of vision. Objects nearer to the 
eye than the far-point can be seen by accommodation. If 
the powers of accommodation are normal, the minimum dis¬ 
tance of distinct vision or near-point will be closer to the eye 
than the normal. 

As the defect is due to the converging power of the lens of 
the eye being too great, short-sight can be remedied by using 
a concave lens of proper focal length so as to render the 
system less convergent. If a concave lens (Fig. x’job') is 
held just in front of the eye, a beam of parallel rays coming 
from an object at a great distance will be refracted through the 
lens and will fall upon the eye as if it came from the principal 
focus of the concave lens. Hence, if the lens is of such a 
focal length that its focus is at the far-point, objects at a 
great distance will by the action of the lens appear to be at 
the far-point, P, and will thus form a clear image on the 
retina, for the unaccommodated eye. Objects at a shorter 
distance from the eye will appear to be nearer to the lens 
than P, and will thus be visible by accommodation. If we 
assume that the lens is worn just in front of the eye it is 
obvious that its focal length must be equal to the distance of 
the far-point from the eye. 

2. Hypermetropia, or Long-Sight. —This condition is 
due to the eyeball being too short for the lens, or, in other 
words, to the converging power of the lens being too small 
for the length of the eyeball. Thus the focal length of the 
unaccommodated lens is greater than the distance from the 
lens to the retina. The image of a distant object is there¬ 
fore formed behind the retina when the eye is unstrained 
(Fig. T'jz.a), Thus even a distant object can only be seen 
by accommodation, and the strain becomes greater as the 
object is closer to the eye. But the power of accommodation 
is limited. It is obvious, therefore, that for objects even at 
a considerable distance from the eye the accommodation 
required to fonn an image on the retina will be greater than 
the eye is capable of. In other words, the near-point, instead 
of being 25 cms. from the eye, will be at a considerably 
greater distance away. 
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As the defect is due to the lens being too weak, it must 
be corrected by using another convex lens to increase the 
converging power of the eye. If a convex lens of suitable 
focal length is placed close to the eye, a virtual image of a point 
O (Fig. 171^), inside the minimum distance of distinct vision 
of the eye, will be formed by the lens at some point N farther 
from the eye. If N is at or beyond the near-point of the 
eye a clear image of this image can be formed on the retina 
by accommodation. 

Let D be the distance of the near-point for the unaided 
eye, and let us suppose that it is desired to render objects 
clearly visible up to a distance of 25 cms. from the eye—that 




Fic. 171.—Long-Sight and its Correction by a Convex Lens, 
is to say, the normal minimum distance of distinct vision. 
Then an object at a distance 25 cms. from the eye must form 
an image in the convex lens at a distance of at least D cms. 

from the eye. Hence, assuming that the lens is held close 
to the eye, we have 

III 

D“25=/ 

wherey is the focal length of the lens required. As U is always 
greater than 25 cms. for a long-sighted eye, the value of / is 
negative and the lens required is thus convex* 

If the accommodation of the eye is normal, all objects 
farther from the eye than O can then be focused clearly by 
reducing the amount of the accommodation. 

3. Presbyopia. —The accommodating power of the eye 
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decreases with advancing age, and in elderly people is 
generally very small. Distant objects can still be seen clearly 
if the eye is otherwise normal, but owing to lack of accommo¬ 
dation nearer objects cannot be focused upon the retina. 
The defect thus simulates in some ways that of long-sight, 
and can be remedied in the same way by using a convex 
lens of suitable focal length to increase the converging power 
of the optical system. 

If the accommodating power is very limited, it will be 
necessary to have different glasses for objects at different 
distances. Thus, for reading, a fairly short focus convex lens 
will be required. But this lens will only produce a virtual 
image of points within its focal length. Hence, for objects 
at a greater distance than the focus of the reading lens, a 
second convex lens of greater focal length will be required. 
Two sets of glasses are usually sufficient; very distant objects 
will be visible without assistance if the eye is otherwise 
normal. 

4. Astigmatism. —We have assumed in the explanations 
above that the refracting surfaces of the eye are spherical, and 
therefore symmetrical about the axis of the system. In some 
cases this is not so—the curvature of one of the surfaces, 
usually the cornea, being greater in one plane than in a plane 
at right angles to it. This is known as astigmatism, since 
the rays of light from a point on the object after refraction 
through such a lens are not brought to a single point on the 
image. The effect of this want of symmetry is to cause the 
astigmatic lens to have different focal lengths in the two planes. 
Thus, if a sheet of paper covered with horizontal and vertical 
lines is held at some distance from the astigmatic eye, and the 
latter is adjusted so as to get a distinct view of the horizontal 
lines say, it may be found that the vertical lines are blurred, 
and vice versa. The effort of the eye to adapt itself to 
these conditions causes constant strain and leads to serious 
headaches, etc., the origin of which is often unsuspected. 
Since the defect is due to want of symmetry about the 
axis in the refracting system, it may be corrected by the use 
of another lens which is also unsymmetrical, or astigmatic. 
This lens must be placed so that the plane of its greatest 
curvature is parallel to the plane of least curvature of the eye. 
7 'he combination as a whole may thus be made symmetrical 
about the axis, although the individual components are not 
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If the eye is otherwise normal, a lens of which one of the 
surfaces is a portion of a cylinder can be used, the other 
being a flat surface parallel to the axis of the cylinder. Such 
a lens will obviously be unsymmetrical about its axis. The 
treatment of astigmatic lenses lies outside the scope of this 
volume. 

216 . Vision through a Lens.—The apparent size of an 
object depends on its distance from the eye. Thus a dinner- 
plate held near the eye appears much larger than the sun, 
and the nearer the object is to the eye the larger it appears 
to be. If we wish to examine a small object we bring it 
closer to us. Its apparent size is thus increased, and the 
relation of the different parts to each other becomes more 
apparent. If we regard the eye as a simple lens with its 
centre at C (Fig. 172), then, since rays of light directed through 
the centre pass through without deviation, it is evident that 

the size of the 
image formed on 
the retina is propor- 
B' tional to the angle 
A'CB' or ACB—that 
is, to the angle sub¬ 
tended by the object 
at the eye. The 
Fig. 172.—She of the Image formed by the Eye. nearer the object tO 

the eye the greater 

this angle, and hence the greater its apparent size. The 
ratio of the apparent sizes of two objects is therefore equal 
to the ratio of the angles which they subtend at the eye. But 
the object cannot be seen clearly if it is placed within the 
minimum distance of distinct vision. Hence at this point the 
object appears as large as possible to the unaided vision. 

We can, however, increase the angle subtended at the eye, 
without losing distinctness, by using a simple convex lens! 
If a simple convex lens of short focal length is held close 
to the eye (Fig. 173), an object AB placed within the focal 
length of the lens will form a virtual image A'B' which will 
be at a greater distance than the object. If this image is 
beyond the point of distinct vision a clear picture of it will be 
seen by the eye. Now it can be seen from the figure that 
the angle subtended by the image and the object at the lens 
is the same, and if the lens is close to the eye this will be 
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approximately true for the angles subtended by the image 
and the object at the eye. Hence, if the object placed at AB 
could be seen clearly when in that position, there would be no 
advantage in using the lens. But if the focal length of the 
lens is short, the object AB may be placed much closer to 
the eye than the near-point and still be seen distinctly. 

^he effect oy the convex lens is therefore to allo 7 v us to obtain 
clear vision of an object TVithin the minimum distance of distinct 
vision of the eye. 

As the object is very near to the eye it subtends a much 
larger angle than it would at the minimum distance of distinct 



vision, and hence appears larger than it could possibly do 
without the assistance of the lens. 

In this sense the object is said to be magnified by the 
lens, and a simple convex lens used in this way is called 
a magnifying glass. Since AB must be >vithin the focal 
length of the lens, the shorter the focal length the nearer the 
object to the eye, and hence the greater its apparent 
size. Thus, a magnifying glass should have a short focal 
length. 

To calculate the magnifying power of the lens, let C 
(Fig. 174) be the centre of the lens, F its focus, and N the 
near-point of the eye. We will suppose that the eye is so 
close to the lens that distances measured from C can be 
regarded as being measured from the eye itself. Then the 
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magnifying power is the ratio of the angle subtended at C by 
tlie object AB to the angle subtended by the same object if 
placed at the near-point N, That is, it is equal to 

AB 

aCb bc __cn_d 

A^CN“ AiN“ 

CN 

where D is the minimum distance of distinct vision. It is 
usual to assume that the object AB is so placed that its image 


aT 



formed by the lens is at the minimum distance of distinct vision 
—that is, at N. This gives the greatest magnifying effect. Then 


III 


D 

or 


« / 

D ./ 

u= - 

/-D 


Magnifying power 

u 


/-r> 

/ 

D 

: I — _ 
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Since the lens is convex, will be negative, and hence the 
magnifying power will be greater than unity. 

217 . The Astronomical Telescope.—The method just 
described of increasing the angle subtended by an object at 
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the eye, and thus its apparent size, is obviously not directly 
applicable to objects situated at a great distance from the eye, 
such, for example, as a distant tree or a planet. If, however, 
we form an image of the distant object close to the eye, we 
can apply the principle of the magnifying glass to this image, 
and thus produce the desired effect. This is the principle of 
the telescope. 

Let AA' (Fig. 175) be a convex lens of long focal length, 
and let OCI be a ray of light from a point on the object 
making a small angle with the axis of the lens. Since the tele¬ 
scope is used for viewing distant objects, the rays from any single 
point on the object may be regarded as forming a parallel 



Kig* Astronomical Telescope. 


beam when they fall on the lens AA'. They will be brought 
to a focus at a point I in the focal plane of the lens. Thus 
IF will be the position of the real image formed by the lens 
AA'. If now a second convex lens of small focal length is 
placed so that IF is within its focal length, it will act as 
a magnifying glass, and a virtual image of IF will be formed 
at some distance beyond F. 

If D is the centre of the second lens, the angle subtended 
by this image at the eye is equal to the angle FDI'. The 
corresponding angle subtended by the object at C, the 
centre of the first lens, is equal to the angle between the ray 
OCI and the axis—that is, the angle FCI. If the object is 
very distant compared with the length of the telescope. 
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this will practically be the same as the angle subtended by 
the object at the 


Hence, the magnification = 


angle subtended by image 
angle subtended by object 
FDI 

fCi 

Z? /ZJ 

FD/ FC 


FC 

FD 


Using the telescope in the usual way to view distant objects, 
the image IF will be, for all practical purposes, at the focus of 
the object-glass AA'. It must be within the focal length of the 
eye-piece BB' in order that a virtual image may be formed by 
the latter. Its exact distance from the eye-piece is a matter 
of convenience, and can be adjusted by moving the sliding 
tube on which the lens is usually mounted. In practice the 
telescope is usually adjusted so that the final image I' is 
formed at the minimum distance of distinct vision of the eye. 
The image FI is then as close to the lens as possible for a 
distinct image to be seen by the eye, and the magnification 
is thus a maximum. 

We can, however, by increasing the distance between FI 
and BB' cause the final image to recede until it coincides in 
position with the object. If the object is, as usual, a distant 
one, the image IF will then be practically at the focus/of the 
eye-piece lens BB'. F will then be the focus of both lenses. 
The telescope is then said to be focused for infinity. 

When the telescope is focused for infinity, FC will thus be 
the focal length of the object-glass AA', and FD that of the 
eye-piece BB', and the magnification of the telescope, which, 

FC F 

as we have seen, is equal to —— will be — when F is the focal 

FD f 

length of the object-glass and / that of the eye-piece. The 
magnification when the telescope is focused for infinity is known 
as the magnifying pcnver of the telescope. 

The magnifying power of a telescope is equal to the ratio 
of the focal length of the object-glass to that of the eye¬ 
piece. 
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of ^ high magnifying power the focal length 

of the object-glass must be large, and that of the eye-piece 

must be small. For objects nearer to the telescope^ the 

magnification is obviously somewhat greater than the magni¬ 
fying power. 

To trace the path of a beam of light through a telescopic 
system it is best to consider some point on the object a 2i«Ie 
to one side of the axis. Draw a fine OCX (Fig. 175) throueh 
thecent^of the object-glass to represent a ray from such a 
point We may consider the object as being so far beyond 
the object-glass that the rays from the point may all be 
represented as parallel to the ray OC. In this case the 
image is formed at the focus, and the perpendicular line from 
the focus meetmg the ray OC in I will give the position of 
the first image. Notice that it is inverted. Draw the eve- 
piece so that the image FI is just within its focal length. The 
final image will be formed along the line DI produced. Its 

graphical construction 
(§ 198). Let It be I. The rays coming to the eye appear to 
come from the point I'. To complete the diagram, produce 
the ray Cl to meet the eye-piece. Join these points by dotted 
lines, and produce them beyond the eye-piece. We thus obtain 
the paths of the rays through the telescope. They are shown 
by the continuous lines in the diagram. 

This form of telescope produces an inverted image, so that 
objects seen through it appear upside down. This is of no 
importance in astronomical work, but is somewhat incon- 
venient for terrestrial purposes. 

218 . Galileo’s Telescope.—To overcome this difficulty a 
concave lens may be used for the eye-piece. In this case 
the eye-piece must be placed between the object-glass and its 
focus, and at a distance from the latter which wiU be equal to 
the focal length of the concave lens, when the telescope is 
focused for infinity The arrangement of the lenses and the 
course of a beam of light through the instrument is shown in 
Fig. 1 76. The final image is formed on the same side of the 
axis as the object, and is, therefore, the right way up. It may 
be noticed that the first image FI is not actually formed as 
the rays are intercepted by the concave lens before reaching the 
point I. \\ 1 en the telescope is focused for infinity the distance 
between the lenses is thus equal to the difierence between the 
numerical values of their focal lengths. The magnifying power of 
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tlie telescope is, as in the case of the astronomical telescope, 
equal to the ratio of the focal length of the object-glass to the 
focal length of the eye-piece. The eye-piece should therefore 
be a concave lens of short focal length. 

I' 



219 . The Compound Microscope.—The compound micro¬ 
scope (Fig. 177) is used for producing a great magnification 
of a near object. It is practically an astronomical telescope, 
modified to view objects which are near at hand. The 



object-glass A is a convex lens of short focal length, often as 
short as one-eighth of an inch or even less. This forms a 
real magnified image of a small object O placed just beyond 
its focus. The image I is then magnified by the eye-piece B, 
which is a second convex lens, generally of greater focal 
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length than the object-glass (or objective, as it is called). In 
this way, by the use of suitable lenses, a very high degree of 
magnification is obtained. The distance between the lenses 
is generally fixed at some standard length, and the microscope 
is focused by moving it nearer to or farther from the object, 
so that the final image is formed at the minimum distance 
of distinct vision from the eye. The passage of a beam of 
light through the compound microscope can be traced exactly 
as in the case of the astronomical telescope. The final image 
is inverted and of course virtual. 

The magnification of the compound microscope is defined 
in the same way as the magnifying power of a simple magnify¬ 
ing glass (§ 216) that is, it is the ratio of the angle subtended 
at the eye by the final image to the angle which the object 
would subtend at the eye if held at the near-point. It is 
generally assumed that the microscope is so focused that the 
final image is formed at the near-point. 

If u and V are the distances of the object and its real 
image from the objective, the magnification of the first (real) 
image is v/u. The magnification of the whole instrument is 
obtained by multiplying this ratio by the magnifying power 

of the eye-piece, i.e. by i— -y, where f \s the focal length of 


the eye-piece. 

Since the distance between the lenses in a microscope is 
fixed, the microscope, as we have seen, is focused by increasing 
or decreasing the distance of the object from the object-glass 
until the image is seen as clearly as possible. Thus for a given 
microscope the object is at a definite fixed distance from the 
object-glass when the image appears most distinct. This fact 
may be used to determine the position of a virtual image. 
For instance, suppose the microscope is focused sharply on 
a scratch on its stand, and a parallel plate of some refracting 
material is placed over the scratch. The image of the scratch 
seen through the plate is nearer the upper surface, and the micro¬ 
scope must be moved back a distance equal to the distance 
between the scratch and its image for the scratch to be seen 
clearly through the microscope. If the microscope is fitted 
with a vernier, this distance can be measured very accurately. 
The microscope may now be focused on a mark on the upper 
surface of the plate. The difference between the first and 
last readings will give the thickness t of the plate. The 
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difference between the second and third readings will give 
the dist^ce d of the image of the scratch from the surface 
ot the plate. The refractive index of the plate is given by 

^ (§ 183)- The refractive index of a liquid may be measured 

m the same way using a small glass dish placed on the 
microscope stand. The method is convenient and accurate 
and IS one of the best ways of measuring the refractive index 

av^\atde^ ^ liquid of which only a small quantity is 

220. The Ophthalmoscope. — The ophthalmoscope is an 
instrument for studying the condition of the eye. If the 
retina of a normal eye is illuminated, then, since the retina is 
at the focus of the lens system of the eye, the light scattered 



F*ig. 178.— The Ophthalmoscope* 


back from any one point on the retina will after nassin:? 
through the eye emerge as a parallel beam. A normarjin 

rcTeTr1^Sl"1,;=:L'see 

The simplest method of applyine: this nrinnirtT/i ie 
concave mirror, having at Ln^tre a ^ma^rhoi^ hrXh 
which the observer can look A KWfri-.f ■ 1 

glass shade is placed beyond the focus of the mirroV which is 

-SS £":H a 

of the retina without accommodado""' 

If, however, the eye under observation is short-sighted, the 
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retina will be beyond its focal length and the emerging beam 
will be convergent, and hence will form no clear image in the 
eye of the normal-sighted observer. To see the retina clearly 
he must interpose a suitable concave lens between his eye and 
the aperture in the mirror. The focal length of this lens will 
be that of the lens required to correct the vision of the eye 
under observation. 

Again, if the eye is long-sighted the retina will be wi thin its 
focal length, and the emergent beam will be divergent instead 
of parallel.. In this case a convex lens will be required to 
render the beam parallel, and the lens which must be used 
to obtain a clear image of the retina will have the focal 
length necessary to correct the vision of the defective eye. 



It is sometimes desirable to form a real image of the retina 
of the eye under observation. This may be done by using a 
convex lens. The lamp is arranged so that the mirror forms 
a real image of the lamp on the surface of the lens, which is 
placed between the mirror and the eye (Fig. 179). Under 
these circumstances the light passes through the lens into the 
eye, illuminating the retina brightly and uniformly. If the 
eye is normal the scattered rays from any point on the retina 
emerge as a parallel beam, and a real image of the retina is 
formed at FF in the focal plane of the lens. This image can 
be viewed by the observer through the hole in the mirror, and 
if necessary can be enlarged by using an eye-piece in the 
usual way. If the patient be short-sighted, the emergent rays 
will be convergent, and hence will form an image nearer to the 
lens than F ; while if he is long-sighted the beam will be 
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divergent and will form an image farther from the lens than 
F, The lens which when placed in front of the patient’s eye 
restores the image to its normal position at the focus of the 
lens L, will be the one required to correct the vision of the 
defective eye. 


EXAMPLES. 


1. A short-sighted person cannot see objects distinctly at a 
distance greater than i metre from his eye. What kind of 
lens does he require ? 

[The lens required must form an image of a very distinct 
object at a distance of not more than i metre from 
the eye. A concave lens will produce a virtual 
image of a distant object at its focus. Hence a 
concave lens of focal length i metre will be suitable 
—that is to say, a lens with a converging power of 
— 1 dioptre.] 

2. A long-sighted person cannot distinguish objects clearly 
at a distance of less than 50 cms. from his eye. What kind 
of lens does he require to enable him to read a book at the 
normal distance (25 cms.) from the eye? 

lens must produce an image of an object at 25 cms. 
from it, at least 50 cms. from the eye. Assuming 
that the lens is used close to the eye, we have 


_i_I _ I 

50 25 f 

/= — 50 cms. 


The lens is a convex lens of —50 cms. focal length.] 

3. The minimum distance of distinct vision for a certain 

eye IS 60 cms. What lens will be required to enable objects 

to be seen clearly at the usual minimum distance of distinct 
vision (25 cms.)? 

4. The object-glass of an astronomical telescope has a 
focal length of 2 feet, and the eye-piece a focal length of half 

an inch. Calculate the magnifying power of the telescope 
when focused for infinity. 

5- Calculate the magnifying power of a convex lens of 
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2 cms. focal length held close to the eye, the minimum dis¬ 
tance of distinct vision being 25 cms. 


(Magnifying power = 1 

= I 




since — 2 cms.) 


= 1 + 12^ = 13^.) 

6. The objective and eye-piece of a compound microscope 
are thin convex lenses of focal length and respectively 
with their centres 8" apart. Assuming that the final image is 
at the minimum distance of distinct vision (10") from the eye¬ 
piece, calculate the magnification produced. 
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EXAMINATION QUESTIONS.—XI 

Give an account of the eye considered as an optical 
instrument. 

2. Describe the way in which the eye accommodates itself 
for viewing objects at different distances from it. A con- 
verging lens of 4 cms. focal length is used as a magnifying 
glass, the nearest distance of distinct vision being 25 cms. 
Where must the object be placed, and what is the magnifica¬ 
tion, the lens being supposed to be held quite close to the eye ? 

3. Explain the term accommodation. Show that a short¬ 
sighted person needs only one pair of spectacles for viewing 
objects at all distances. What will their focal length be ? 

4. Describe diagrammatically the two commonest defects 
of vision. A long-sighted person, whose nearest distance of 
distinct vision is 50 cms., finds that this distance is reduced 

to 20 cms. by using spectacles. Find the nature and focal 
length of the lenses used. 

5. Explain by means of a diagram how a concave and a 
convex lens may be arranged to form a telescope to observe 
a distant object. What is meant by the magnifying power of 
a telescope ? 

6. Draw a diagram to illustrate the combination of two 
lenses to form a microscope. 

7. Explain how a microscope can be used to determine 

the positiori of a virtual image. Describe how the method 

can be applied to the determination of the refractive index of 
a liquid. 

8 Compare and contrast the optical systems of the photo¬ 
graphic camera and the human eye. 



CHAPTER VII 


HISPEIISION—COLOUR 

221 . Dispersion of Light by a Prism.—If a flame is viewed 
through a prism, an image of the flame is seen to one side of 
the real position. A ray of light falling on the prism is bent 
towards the base of the prism, and the angle between the 
original direction of the ray and its direction after passing 
through the prism is known as the deviation (§ 193). 

If the image is considered closely, it will be noticed that the 
edges are coloured, one edge being tinged red and yellow, the 
other violet and blue. If the flame is a large one, the centre 
of the image will be white. If, however, we narrow down the 
source of light by interposing a narrow slit between the flame 
and the prism, with its edge parallel to the edge of the prism, 
the image of the slit as seen through the prism will show a com¬ 
plete range of colours, passing from red at one end, through 
orange, yellow, and green, to blue and violet at the other 
extreme. Thus, instead of a narrow white image of the slit, 
we see a fairly broad band of colours. This is known as a 
spectrum, and the action of the prism in transforming the 
white light into a coloured band is called dispersion. 

If we interpose a piece of red glass in front of the slit L, 
we shall see a narrow red image of the slit in the position 
occupied by the red end of our spectrum. If we use a blue 
glass, we shall similarly see a blue image of the slit in the 
position of the blue portion of our spectrum. If we cover 
the upper half of the slit with red glass and the lower half 
with blue, we shall find that the red and blue halves of the 
slit, as seen through the prism, are no longer in the same 
straight line, the blue half being more deviated than the red. 
But for a given angle of incidence the deviation produced by a 
prism in a given ray of light depends only on the angle of the 
prism and the refractive index of the material (§ i 94). Since the 
angle of the prism is the same for both rays, it is evident that the 
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refractWe index of the material is different for light of different 
colours, the refractive index of the glass for red light being 
smaller than that for blue. 

Thus, if a beam of light made up of a mixture of red and 
blue light falls on the prism in the direction LP (Fig. i8o), 
since the blue light has a greater refractive index than the red 
it is deviated through a greater angle at each surface, the red 
ray pursuing the path PQR, the blue one the path PQV. A 
similar phenomenon occurs with any other ray, such as LP'. 
Producing the emergent rays backwards, the paths of the two 
red rays intersect at a point r, which wiU be the red image of 
the slit L, while the blue rays, which are now inclined to the 
red, having been deviated through a larger angle, form a cor¬ 
responding blue image at a different point v. For sake of 



Fig. i 8 o.— Dispersion of Light by a Prism. 


clearness m the diagram, the difference in the paths of the 

red and blue rays has been greatly exaggerated. The effect 

IS quite small. For an ordinary 60” crown glass prism, the 

difference between the deviation of the red and blue rays is 
actually rather less than 2®, ^ 

The reffactive indices of the glass for the colours orange, 
yellow, and green, are intermediate between those for red and 
blue. I. present in the beam, they therefore form images 
between and Thus, if the light from L contains all thfse 
colours, each colour will form its own separate image between 
r and ^d an eye placed at E. and looking in the proper 
direction through the prism, will see a coloured band of light 

f ‘he separate coloured images will 

dT without overlapping. The spectrum is 

then said to be If, however, the slit is at all wide, the 
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different coloured images of it will also be wide, and will over¬ 
lap each other in the space between r and v. The spectrum 
is then said to be impure. If the slit is very wide, this over¬ 
lapping will be so marked that the central portions of the 
image will contain some of each of the colours in the original 
light. If the latter is white, the central portion of the image 
will also be white, and only the edges will show colour. 

222 . The Spectroscope.—Although a narrow slit seen through 
a prism forms a practically pure spectrum, this spectrum being 
virtual cannot be thrown upon a screen. A screen placed at 
R'V, for example, would only show a blur of light with 
coloured edges, the rays in the centre overlapping and re¬ 
combining to form white light. Moreover, the different rays 



from the slit fall upon the prism at different angles of incidence. 
Hence if one of them, say LP, is made to meet the prism at 
the angle of minimum deviation, the others do not, and the 
final images are unsatisfactory. These defects can be over¬ 
come by the arrangement shown in Fig. i8i, which is known 
as a spectroscope, or spectrometer. 

A convex lens C is placed between the slit L and the prism 
A, so that L is at the focus of the lens. The rays emerge 
from C, therefore, as a parallel beam of light. Hence, when 
the prism is in the proper position, the whole of the pencil 
will pass through at the angle of the minimum deviation. If 
for convenience we regard the light from L. as a mixture of red 
and blue lights, the light will be dispersed by the prism, and 
two parallel pencils, one of blue and one of red light, ^vi^ emerge 
on the farther side of the prism, inclined to each other at a 
small angle equal to the difference between their deviations. 
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These pencils are allowed to fall on a second convex lens T, 
and are thus rendered convergent and brought to a focus in 
the focal plane of the lens at v and r respectively. If other 
colours are present in the incident light, they will similarly be 
brought to a focus at points between r and 7/. The spectrum 
so formed is real, as the rays actually pass through it. It can be 
seen upon a screen placed at rv. Since the different colours 
are brought to a focus at different points, the spectrum is pure. 

The spectrum rv is very small, and is usually magnified by 
being viewed through an eye-piece, placed so that rv is at 
Its focus. It will be noticed that the lens T and the eye-piece 
form an astronomical telescope focused to view parallel light. 
These two lenses are mounted in a single tube, and are knowri 
as the telescope. The lens and slit L are mounted in another 
tube and form the collimator. The two tubes are arranged 
so that they c^n be turned about a vertical axis, through the 
centre of the instrument, and carry verniers moving over gradu¬ 
ated circular scales so that the angle through which they are 
turned can be accurately measured. The prism is carried on 
a small table revolving about the same axis. 

223 . To measure the Refractive Index of a Prism by the 
Spectrometer—To find the refractive index from the formula 


<36 d 

Sin —■— 
2 

-— 

a 

Sin — 

2 


we require to measure (i) the angle of the prism a, (z) the 
minimum deviation d. » \ / 

I. To measure the angle of the prism, turn it so that its 
edge is facing the collimator lens. A beam of parallel light 
falls, some on one face of the prism, some on the other. Some 

reflected at eaclr of the plane surfaces AB 
and AC ( 1 -ig 182). Let PQR and P'Q'R' be two such rays, 
and let tlie reflected rays RQ and R'Q' meet in O 

R6 r'= BAC +a 0 o +AQ'O 

= BAG + R9B + R' 9 'C 

. + 'A by laws of reflexion. 

But since VQ is parallel to V'Q' 

PQ A + P'O'A = B Ac 
R 0 R'= 2 BAC 


= 2<X 
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The telescope is turned to view first the ray QR and then 
Q'^R^. For convenience and accuracy the telescope is 
furnished with a vertical cross-wire, fixed in the focal plane 
of the eye-piece. The telescope is always set so that the 
cross-wire bisects the vertical image of the slit. The angle 
through which the telescope has been turned is read on the 
scale, and is equal to ROR'—that is, za. 

2. To measure the deviation the telescope is turned so as 
to view directly the light from the collimator, the prism being 
removed. The prism is then replaced and the telescope is 
turned to view the deviated beam, the prism being turned 
about its axis until the 
deviation is a minimum. 

The angle through which 
the telescope has been 
turned is the angle of 
minimum deviation of the 
ray by the prism. 

If white light is used, 
the spectrum as seen in the 
telescope forms a coloured 
band of some considerable 
length. It is obvious that 
the angle through which 
the telescope has to be 
turned will depend upon 

the particular portion of Fig. 182— Measurement of the Angle 
the spectrum on which we of a Prism, 

set the telescope. By set¬ 
ting the cross-wire in the eye-piece in succession on each 
of the different colours, in the spectrum the deviation for 
each colour can be measured, and the corresponding 
refractive index can be deduced from the formula. It will be 
found that the refractive index is greater for blue than for red 
light. 

224 . The Nature of White Light.—If the light from a white- 
hot solid is passed through the spectroscope a continuous band 
of colours is obtained, passing from red at one end to violet at the 
other. There are no gaps or dark spaces within the spectrum. 
Hence all the possible spectrum colours are obtained when 
white light is dispersed by a prism. We have seen (§ 168) that 
light is due to vibrations in some medium filling space, and we 
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shall discuss this subject further in a later chapter (§ 233). 
Now the impression of colour depends on the wave length 
of the vibrations. The longest visible waves excite the 
sensation of red, somewhat shorter waves produce the sensa¬ 
tion of orange, and so on through yellow, green, and blue, 
until the very shortest visible waves excite the sensation of 
violet. Comparing this with our spectrum we see that the 
waves of greater wave length are deviated through a smaller 
angle, or are /w refrangible^ as it is called, than the rays of 
short wave length. The refractive index is greater for short 
waves than for long ones. 


225 . Spectra of aiowing Oases and Vapours.—The spectrum 
of the light from a white-hot body is, as we have seen, con¬ 
tinuous. If, however, we vaporise some substance in a bunsen 
flame we shall find that in general the spectrum of the light 
emitted is made up of a series of narrow bright lines, each of 
which is in reality a coloured image of the slit of the spectro¬ 
scope. The sodium flame, for example (which can be easily 
obtained by placing a little common salt in the flame of a 
bunsen burner), shows only one line in the yellow part of the 
spectrum. The light emitted from the glowing vapour of 
sodiurn is therefore all of the same wave length. Light 
consisting of waves of the same wave length is termed 
monochromatic. A sodium flame is the most convenient 
source of monochromatic light.*' 

The majority of the elements give much more complicated 

spectra. If a potassium salt is introduced into the flame 

several bright lines are seen, one at the red and one at the 

extreme violet end of the spectrum being particularly bright. 

Iron gives several hundred lines in different parts of the 
spectrum. 


These bright line spectra are characteristic of the different 
elements, each of which has its own set of lines which is quite 
distinct from that of all others. Thus, if on examining the 
ight from a mixture of salts vaporised in the bunsen flame, a 

position which would be occupied by 
the yellow line of the sodium flame, we know that sodium is 
presen in t e mixture, and so on. Since each element in a 


. ft ^ spectroscope will show that the sodium line really consi®*- 

vLV "maVr a^dTor The difference in wave length fs 7 howeve;: 

as Lonochxo^JSc purposes the sodium light may be regarded 
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mwture emits its own particular set of spectral lines, quite 

independently of the other elements present, we can by 

identifying the different lines present detect the presence of 

any number of elements in a mixture. This method of identi- 

ying the components of a mixture is known as spectrum 
«enalysis. 

The permanent gases such as hydrogen, oxygen, etc., do not 
emit any appreciable amount of light when heated in a flame. 
They can. however, be made to glow brightly by enclosing 
them at low pressure in a glass tube, and passing a high 
^nsion electric current, such as that obtained from a small 
Ruhmkorff coil <§ 366) through the gas. Under these circum¬ 
stances each gas emits a characteristic bright line spectrum, 
by which its presence can always be detected. 

226 . Absorption Spectra.—Suppose, now, we form a con¬ 
tinuous spectrum by illuminating the slit of the spectroscope 
with white light, and interpose in front of the slit some 
coloured transparent substance. It will be seen that part 
of the spectrum is cut off. If, for example, a sheet of 
luby glass, such as is used by photographers, is inserted in 
the beam, only the red portion of the spectrum will be seen. 
Similarly, if we use a piece of blue cobalt glass, all the middle 
portion of the spectrum is cut away, only the blue and a 
small part of the red remaining. Transparent substances, 
therefore, owe their colours to the fact that they absorb 
certain constituents of the spectrum from the light passing 
through them. 

In the majority of cases the portions of the spectrum 
absorbed form broad dark patches with ill-defined edges. 

In a few cases, however, the absorption spectrum shows 
well-defined narrow dark lines, owing to the absorption of 
light of a particular wave length. Thus, if a weak solution 
of potassium permanganate is placed in front of the slit, five 
narrow dark lines will be seen crossing the green part of the 
spectrum. A dilute solution of blood shows two well-defined 
dark lines across the spectrum, one across the orange, the 
other across the yellowish green part of the spectrum. These 
absorption spectra, like the emission spectra, are characteristic 
of the particular substances producing them, and can be 
used as a convenient and accurate means of identifying these 
substances. 

If the white light from the sun is admitted through the 
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slit of a spectroscope, it is found that the continuous spectrum 
produced is crossed by a large number of fine dark lines 
known as Fraunhbfer lines. These lines are produced by 
absorption in exactly the same way as the dark lines crossing 
the spectrum of the light which has been passed through 
a solution of permanganate. The intense white light 
from the central mass of the sun passes through an outer 
atmosphere surrounding the sun, and consisting of the vapours 
of the various elements present which have been vaporised 
by the intense heat. Now it is known that any substance 
will powerfully absorb Ught of the wave length which it itself 
emits, so that if white light is passed, say, through sodium 
vapour, for example, the light of wave length corresponding 
to that of sodium light will be completely absorbed, and thus 
J: ‘^he transmitted light is analysed by a spectroscope a dark 
line will be seen across the spectrum in the position which 
would be occupied by the sodium line. The Fraunhofer lines 
have almost all been found to coincide in position with those 
of the bright line spectra of known terrestrial elements : and 
the presence of many of our elements in the atmosphere of 
the sun has thus been detected. 


227 . Colours of Opaque Objects.—A non-luminous object 
IS seen by the light which it scatters in all directions from its 
surface. If a substance scatters all the light which falls upon 
It It appears white. A substance which scatters little or none 
of the light falling upon it will appear black, since little or no 
light comes from it to the eye. If, however, the substance 
scatters s^ectively. say, for example, if it scatters the red rays 
but absorbs light of any other colour, it will obviously appeL 

penetrates some small 
distance into the substance, and that the colours which are 

absent from the scattered beam are very strongly absorbed in 

the substance. The colours of ordinary materials are there- 

/t due to absorption. 

It follows, therefore, that when two pigments are mi.ted 

ogether, the resultant colour is not due to the addition of 

hPT ‘J.".'' ^inother, but to the abstraction from the original 
beam of incident white light of still more of its constituLts 

hgLTcau? :’l f ""d e.xaminc die 

of lieht “ ^P‘'‘=‘™scope, we obtain a patch 

ot light n the yellow and green part of the spectrum the 

blue and the red ends being absorbed by the pigiAent , 
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Similarly, if we examine a blue pigment we obtain a patch 
of light in the blue and green parts of the spectrum. If we 
mix the two pigments, then since the yellow pigment absorbs 
everything save the yellow and green, while the blue cuts off 
all except the blue and the green, the scattered light will 
contain only those portions of the spectrum which are scattered 
by both pigments—that is, the ^een. Hence the.result of 
mixing blue and yellow pigments is a green pigment. 

The effect of mixing blue and yellow light is entirely 
different. The experiment can easily be performed with a 
couple of projecting lanterns. The two lanterns are arranged 
so as to throw their light on the same white screen. If now 
a yellow glass is held in front of one of the lanterns and a 
blue glass in front of the other, the light scattered from the 
white screen will be a mixture of blue and yellow lights. If 
the experiment is performed it will be found that the screen 
appears almost white, with either a slightly bluish or slightly 
yellowish tinge, according as the blue or the yellow light 
preponderates. If the intensities of the two are in the proper 
proportions, the effect produced on the eye by the mixed 
colours is exactly that of white light. Thus, while a mixture 
of blue and yellow pigments produces a sensation of green, 
a mixture of blue and yellow lights produces the sensation 
of white. 

The light is, of course, not really white light in the sense 
that the light from an incandescent body is white. Its 
spectrum consists merely of a patch in the blue and a second 
patch in the yellow. The fact that the combination of these 
two colours produces the sensation of white light is due to 
the mechanism in the eye which produces colour sensation. 

It is impossible to pursue this subject further in the present 
volume. 

228 . Dispersion by Lenses.—Since a lens may be regarded 
as a series of prisms, lenses also will produce dispersion in a 
beam of white light. Let PQ (Fig. 183) be a ray of white 
light striking the lens at Q. The deviation S produced in the 
red constituent will be less than that produced in the violet. 

Since the focal length of the lens is given by (§ 201), and 3 

is greater for violet light than for red, the focal length of the 
lens for violet light will be less than its focal length for red. 
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Thus, if white light falls on the lens parallel to the axis, the 
red rays will be brought to a focus at R, and the violet rays 
at some point V nearer the lens. A spectrum RV is thus 
formed along the axis of the lens. A white card placed at 
V would show a bright central spot of violet with an outer 
halo of red, or if placed at R would show a red central spot 
with a halo of violet. The edges of the images formed by an 



Fig, 183, —Dispersion by a Lens. 


ordinary lens are therefore coloured. This defect is known as 
chromatic aberration, and is due to dispersion. 

229. Achxomatiam.—The power of a transparent substance 
to produce dispersion is not necessarily proportional to its 
power of producing deviation. The dispersive power of 
Hint glass, for example, is much greater than that of ordinary 
crown glass. The refractive index is also greater, but not 



in the same degree as the dispersive power. Thus if we 
have two prisms, one of crown glass and the other of flint 
glass, and adjust their angles so that they produce the same 
average deviation m a ray of light passing through them, the 
dispersion produced by the flint glass will be greater than that 

suppose, for example, 
that the angle between the red and the violet rays is 4" for 

the former and 2 for the latter. If we combine the prisms 
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as shown in Fig. 184, so that the deviations are in opposite 
directions, then, since the mean deviation is the same for 
each prism, the beam as a whole will suffer no deflexion by 
passing through the combination. But since the dispersion 
in the flint glass prism is greater than that in the crown, the 
violet and the red rays will still be inclined to each other at 
an angle which will be roughly equal to the difference between 
the two dispersions—that is, about 2®. Thus we shall have 
dispersion without deviation. This is the principle of the 
direct vision spectroscope. 

If we now reduce the angle of the flint glass prism so as 
to make the two dispersions equal in each case, on combining 
the prisms as before, since the dispersions are equal, they will 
compensate each other and the red and the violet rays will 
emerge parallel to each other. But it is evident that the 



Fig. 185.— Combination of Prisms—Achromatism. 


deviation produced by the flint glass pri.sm is now less than 
the deviation produced by the crown glass, since the angle of 
the former has been reduced. Hence the resultant ray will 
be deviated towards the base of the crown glass prism through 
an angle equal to the difference in the two deviations. We 
have thus a system which will produce deviation in a beam 
of white light without dispersion. Such a combination is 
said to be achromatic (Fig. 185). 

The coloured components of a single ray do not emerge in 
exactly the same line. Since they are parallel, however, they 
will be brought to a focus at exactly the same point on the 
retina of an eye receiving the light, and will thus recombine to 
form a single white image. 

Since a lens may be regarded as a pile of prisms, it is 
evident that lenses can be rendered achromatic in a similar 
way. If we take a convex lens of crown glass it will be 
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possible to find a concave lens of flint glass which will pro¬ 
duce exactly the same dispersion in a beam of white light 
passing through it. But since the flint glass has a higher 
dispersive power, the mean deviation produced by the flint 
glass lens will be smaller than that produced by the crown 
glass lens. Hence the combination of the two lenses will 
produce a deviation in the ray in the same direction as that 
produced by the convex lens alone, though obviously of a 
smaller amount. That is to say, the combination will be 
convergent, though of smaller power than the original convex 
lens. The two lenses thus form an ac/iromut/c combination 



Fig. i 86.—Achromatic Combination of Lenses. 


(Fig. 186). All lenses used in high-class optical instruments 

achromatic combinations instead of simple 

fymg Glass.—In the case of a ray of white light passing 
through a glass plate, there is neither deviation nor dis? 
persion The emergent rays, as we have seen (§ 182) are 
parallel to the incident ray, this result being independent of 

iiiLx substance. Since the refractive 

index of the glass is greater for violet than for red light, how- 

ever the paths of the two components within the ^lass are 

not the same. The violet ray makes a smaller angle^with the 

rhe"^ aTi'ss"- than the red ray, and hence the beam in 

t e glass IS dispersed. On being refracted out of the plate 

however, conditions are reversed, and both components 
^erge parallel to the incident ray. The lateral displace¬ 
ment will be different for the two rays, as shown in Fig^ 187 
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Since, however, the two rays are parallel, they will be brought 

to a focus by the lens of the eye at the same point on the 

retma, as illustrated in the figure, and the image will therefore 
be seen without colour. 

In a similar way a simple convex lens can be used as a 
magnifying glass, without any inconvenience from chromatic 
aberration. Since the focal length of the lens is smaller for 



Fig. 1S7.—Achromatism of a Refracting Plate* 


violet light than for red, the virtual image formed by the 
violet rays will be farther from the lens, and also larger than 
that due to the red rays. It is easy to see, however, from 
Fig. 173 ti^at both images must have their extremities on the 
lines AA', BB'. The image formed on the retina will thus 
occupy the same position and be exactly the same size in each 
case. The resultant retinal image is, therefore, free from 
appreciable chromatic aberration. 


CHAPTER VIII 

THE NATURE OF LIGHT 


230 . Tile Velocity of Ijight. —Light takes a certain time 
to travel from one object to another. It takes, for example, 
about eight and a half minutes for the light from the sun to 
reach the earth. Thus light travels with a finite though a 
very great velocity. The velocity of light was first estimated 
from astronomical observations. It can, however, be found 
by direct experiment. 

Suppose a beam of light from a source at S (Fig. i88) is 



allowed to fall upon an inclined piece of plate glass G. Some of 
the light is reflected from the glass, which is so arranged that 
the reflected beam is sent through the space between two of 
the cogs of a cog-wheel A and falls normally on a plane 
mirror M at a considerable distance beyond it. The 
ight will be reflected back along its own path, and passing 
through the same gap in the wheel will be visible by an eye 
looking through the glass G along the direction PQ. SuppoL 
now the cog-wheel is set in rapid rotation. Then if the light 
takes an appreciable time to pass from the wheel to the 
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mirror and back again, the wheel will have rotated through 
some appreciable angle before the light returns again to the 
wheel. If the wheel is rotating sufficiently fast, this angle 
may be so large that the next tooth may have moved into the 
position occupied by the gap through which the light passed. 
The light will thus be stopped by the wheel, and will not 
be visible to an eye looking along PQ. 

Thus, if the speed of rotation of the wheel is gradually 
increased until the light reflected from the mirror is cut off 
by the wheel on its return, we know that the time occupied 
by the light in travelling from the wheel to the mirror and 
back is equal to the time necessary for a cog to move into 
the position of the gap in front of it. If the wheel has, say, 
500 cogs, and is being driven at a speed of 20 revolutions 
per second, this time is equal to second, or 

20000*^^ second. Thus the light travels a distance equal to 
2 X AQ in -g o0 second. Its velocity can thus be cal¬ 
culated. This method is due to Fizeau. It was found that 
the velocity of light was approximately equal to 3 x 10*® cms. 
per second, or 186,000 miles per second. 

231 . The Corpuscular Theory of Light.—According to a 
theory due to Newton, which held its ground until the 
beginning of last century, light was regarded as being due 
to streams of infinitesimally small particles projected from the 
luminous body in all directions in straight lines. These 
particles were regarded as being able to penetrate transparent 
substances, and to cause the sensation of vision by impact 
upon the retina. 

This hypothesis gave an adequate explanation of the recti¬ 
linear propagation of light, and hence of all its consequences. 
Reflexion was explained by assuming that the particles bounced 
off a reflecting surface, in much the same way that a billiard 
ball rebounds from a cushion. Assuming that the collision 
was perfectly elastic, the laws of reflexion would follow. Re¬ 
fraction was explained by assuming that the refracting surface 
attracted the particles as they approached it. Their velocity 
in the direction of the surface would thus be increased, while 
that parallel to the surface would be unaltered. Their paths, 
in consequence, would be deviated towards the normal. It 
would follow from this that the velocity of light should be 
greater in a medium with a large than in one with a small 
refractive index. Experiments by Foucault, however, showed 
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that on the contrary the velocity of light was smaller in a 
refracting medium than in air, the ratio of the velocity in air 

inrt '?■ ™edium being equal to the refractive 

index of the medium. This result may be regarded as con¬ 
clusive evidence against the corpuscular theory. The theory 
was, however, m any case inadequate to account for the 
numerous phenomena studied under the title of Physical 

Optics. Of these we shall only mention the phenomenon 
known as the polarisation of light. 

232 . Polarisation of Light-If a beam of light is passed 



Fig. 1S9U.— Transmission of 
Liyht by Two J»aral]<;I 
Crystals of Tourmaline. 


Pig. iS9<6. — Stoppage of 
Light by “ Crossed ” 
Tourmalines. 


^rough a crystal of tourmaline, it acquires new properties 
Tourmaline is a crystalline substance, the crystals of ^th ch 
when well developed, are of an elongated shape, and generLu,; 

facer‘±aUer r[;s welf-marke^ 

laces parallel to its longer axis, and if a pair of thes» are 

selected which are parallel to each other, we may re^rd ^hem 

as bounding a parallel-sided plate of refracting ma^r^l Tf 

now a pencil of light is passed through the IryTtal at right 

angles to the long axis through a pair of these parallel faces 

we can perceive that the emergent beam is brown in co^^r’ 

th: iLiL„rbeam:'’“lt"h:s ‘h:weTe?Lr‘' 

which cannot be detected’by the u’naided vtirn^Tr^ch 
distinguish It from the incident light. If a second crystal of 

fte hrst crystal (Pig. iSga), the beam will pass through both 
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crystals and emerge on the farther side. If, however, the 
second crystal is turned round until its long axis is at right 
angles to that of the first crystal (Fig. 189^), none of the light 
which has passed through the first crystal will succeed in pene¬ 
trating the second, and the portion where the two tourmaline 
crystals overlap will appear perfectly opaque. In passing through 
the first crystal the light has acquired a kind of oiie-sidedness, 
which, while leaving it free to pass through a second crystal if 
it is held in one direction, renders it quite unable to do so if 
the latter is turned through an angle of 90®. This phenom¬ 
enon is called polarisation, and the light emerging from the 
tourmaline is a polarised beam of light. 

It is obvious, therefore, that light cannot consist of particles 
projected from the luminous body. If such a particle suc¬ 
ceeded in passing through one crystal of tourmaline, there 
is no reason why it should not pass through the second, 
whatever the relative positions of the two crystals. Similarly, 
if light consisted of longitudinal waves such as those of sound 
(§ 240), in which the particles of the transmitting medium 
moved backwards and forwards along the direction of the ray, 
polarisation would not be possible. There is only one kind 
of wave motion on which it is possible to impress this par¬ 
ticular kind of one-sidedness, and that is the kind in which 
the motion of the medium takes place in a plane at right 
angles to the direction in which the wave is travelling. This 
is known as transverse wave motion. 

Suppose we have a long rope, and passing it through a 
vertical slit we move one end up and down so as to send a 
succession of transverse waves along the cord. If these waves 
are in the vertical plane the cord will move up and down the 
vertical slit as the waves come along, and the motion will be 
transmitted to the portion of the rope beyond the slit (Fig. 
190). If, however, we move the end of the rope from side 
to side so as to send horizontal waves along the rope, since 
the rope in the slit is unable to move in this plane the motion 
is stopped by the slit, and the vibrations are not transmitted 
to the portion beyond the slit. 

In general, if waves in different planes are sent along the 
rope, only the components parallel to the slit will be trans¬ 
mitted, the remainder being suppressed. Thus the waves 
transmitted through the slit are always in the plane containing 
the length of the slit. They have acquired an unsymmetrical 
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character, or, in other words, they are polarised. If a second 
slit is threaded upon the rope at some point beyond the first, 
it is evident that if this slit is parallel to the first the waves 
which succeed in passing the first will be transmitted through 
the second also. If, however, the latter is turned about the 
rope until it is at right angles to the first slit (Fig. 191), none 



Fig. 190.—Passage of Transverse Waves through a Slit. 


of the waves passing through the first sUt will be in a con¬ 
dition to pass through the second, and the vibrations will be 
completely stopped. We have thus an exact picture of what 

happens in the passage of light through the two tourmaline 
crystals. 

233 . The Wave Theory of Light-Light, therefore, is 



Fig. 191-Stoppage of Transverse Waves by Two Crossed ” Slits 


in some medium 

(called the ether) which must be regarded as filling all space. 
As we have proved by our experiments with the tourmaline 

angles to the direction in 
which the light IS travelling. The colour of the light is fixed 

by the wave length, the red rays being the longest waves 
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while the violet are the shortest—the waves forming the ex« 
treme violet end of the spectrum being about half the wave 
length of those at the red end. The wave length of light is 
very small. In the case of the yellow light given out by the 
sodium flame, there are nearly 17,000 waves in a length of 
I cm. 

In monochromatic light the waves are all of the same wave 
length. Each single line in the line spectrum of a glowing 
vapour is due to some system having a definite period of 
vibration, and these systems are characteristic of the element 
emitting the light. White light, on the other hand, which 
gives a continuous spectrum, may be regarded as consisting of 
a mixture of all possible wave lengths, or, much more probably, 
as consisting of quite irregular disturbances, which are resolved 
into rays of different wave lengths by the action of the prism. 

234 . The Relation between Light and Radiant Heat._The 

visible spectrum, as seen through a spectroscope, merges into 
darkness at both ends. This, however, is not due to the 
absence of radiations of longer wave length than the red, or 
shorter wave length than the violet, but merely to the fact 
that such radiations are not able to excite our sense of vision. 
If we remove the eye-piece of the telescope from a spectro¬ 
meter, and move a narrow thermopile across the spectrum 
from the violet end towards the red, we shall find that the 
instrument is affected in every part of the visible spectrum, its 
indications increasing as the red end is approached. The 
waves producing the sensation of vision are therefore canable 
of affecting the thermopile in the same way as radiant heat. 
If now we move the thermopile into the darkness beyond the 
red end of the visible spectrum, we shall find that it is still 
affected—in fact, the deflexion is at first even greater than in 
the visible part of the spectrum. This deflexion is due to 
waves which have passed through the instrument in the same 
way as light, but being of longer wave length have been de¬ 
viated less than the light waves. Thus heat radiation differs 
from light radiation only in the fact that it is of longer wave 
length, and is incapable on that account of exciting the sen¬ 
sation of vision. There is no physical distinction between the 
two, the apparent difference being due merely to the limitations 
of our organ of vision. 

It can easily be shown by direct experiment that radiant 
heat obeys the same laws of reflexion and refraction as light- 
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For example, if two large concave metal mirrors are taken and 
placed facing each other as in Fig. 192, with their axes coinciding, 
and if a hot body is placed at the focus of one of the mirrors, 
the bulb of a differential air thermometer placed at the focus 
of the other mirror will be at once affected ; if, however, the 
bulb is placed in any other position in front of the second 
mirror, the effect is very small. The rays of radiant heat 
meeting the first mirror from the focus emerge as a parallel 
beam. This parallel beam falling on the second mirror is 
converged to its focus exactly as in the case of light. The 
laws of reflexion are, therefore, the same in the two cases. 

The refraction of radiant heat can readily be shown with 



a simple convex lens. If such a lens is used to form a sharp 

image of the sun on a sheet of paper, it will be found that the 

heat rays are also brought to a focus at very nearly the same 

point. This will be shown by the paper beginning to 

smoulder. The effect can be made still more striking by 

inter[)Osing in front of the lens a small glass cell filled"^with 

a solution of iodine in carbon bisulphide. This solution is 

r>paque to light, but allows the longer heat radiations to pass 

freely. In this case the image will be invisible, but the paper 

will be found to smoulder as before when held at the focus of 

the lens. Thus heat radiations can be refracted in the same 

way as light. As we have seen from the experiment with the 

spectrum, the refractive index is smaller for licat radiations 
than for light. 

235 . Ultra-Violet Light.—The radiant energy is not cut 
short at the violet end of the spectrum. A photograplric 
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plate, if exposed in the plane of the spectr um ^ will on 
development be found to have been acted upon for some 
distance beyond the violet end of the visible spectrum. The 
rays causing this action are called actinic rays, or more usually 
ultra-violet light (though strictly speaking they are not light, 
since they do not affect the sensation of vision). Since they 
are more refrangible than the violet rays, they have shorter 
wave lengths than those forming the visible spectrum. They 
are able to produce chemical changes in the substances of 
the photographic film, although owing to their wave length 
they do not excite the sensation of vision. 

Ultra-violet light is produced by any high temperature 
source, such as an electric arc. For medical purposes it is 
often generated by passing an electric discharge through a 
discharge tube (§ 370) containing mercury vapour—the well- 
known mercury vapour lamp. Glass is opaque to ultra¬ 
violet radiation except to that portion of the spectrum very 
near the visible spectrum, so that a more transparent sub¬ 
stance, such as quartz, must be used to transmit the rays. 
The radiation can be detected by the fluorescence it excites 
in many materials, for example, barium platinocyanide. 
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EXAMINATION QUESTIONS.—XII 


1. Explain in detail how deviation and dispersion are 
produced in a beam of light by a prism. What is meant by 
the minimum deviation produced by a prism, and how is this 
deviation related to the angle of the prism ? 

2. What is meant by saying that the refractive index of 
glass for blue light is greater than for red ? How is it a con¬ 
sequence of this fact that the focal length of a convex lens is 
less for blue light than for red ? 

3. How would you arrange an apparatus to obtain a pure 
spectrum ? How may the presence of firie dark lines in the 
solar spectrum be explained ? 

4. What is a spectrometer ? How is it used to determine 
the refractive index of the glass of a given prism for light of 
a given colour ? The angle of a glass prism is 60®, and the 
angle of minimum deviation for sodium light is 40®. Calcu¬ 
late the refractive index of the glass, given sin 50®= 0-766. 

5. What is meant by a spectral line? How would you 
arrange to view the spectral lines associated with the arc 
spectrum of a metal ? 


6. Give an account of the spectroscope. How would you 
use it to view the absorption spectrum of a liquid such as 
blood ? 


7. Describe observations or experiments showing that light 
travels with a finite velocity. 

8. What do you understand by the term polarisation of 
light ? Describe one method of producing plane polarised 
light, and explain what deductions can be made from the 
phenomenon as to the nature of light vibrations. 

9. What are the laws of reflexion of radiant heat ? De¬ 
scribe experiments by which you could verify them. 

10. Upon what does the colour of natural objects depend? 
Explain why two coloured objects which appear exactly the 
same colour by gaslight may appear of different tints by 
daylight. 



BOOK I V 

SOUND 


CHAPTER I 

PRODUCTION AND PROPAGATION OF SOUND 

236 . Production of Sound.—Sound is produced by the 
rapid vibration of a material object. These vibrations are 
usually too rapid to be distinguished by the eye, but their 
existence can easily be demonstrated by simple means. Thus 
jf a finger is laid gently on a sounding-bell, the vibrations can 
bG distinctly felt, while if a tightly stretched string is plucked, 
the fact that the string is in vibration can be ascertained from 
ds hazy appearance. The vibration of a sounding tuning- 
fork can be studied by attaching a bristle to one of the 
prongs, and holding the fork so that the bristle rests lightly on 
a smoked glass plate. If the tuning-fork is sounded and the 
plate IS moved rjmidly and evenly across the fork, the bristle 
will trace a wavy line on the plate, showing that the prong is 
executing rapid and uniform vibrations. 

If the vibrations of the sounding body are regular the 

sound ernitted by the body will be musical, and have a 

definite pitch. If the vibrations are irregular, the sound will 
be a mere noise. 

237 . Transmission of Sound.—Sound is transmitted to the 
ear only through material media. It cannot be propagated 
across a vacuum. In this respect it differs from Light and 
Radiant Heat. If an electric bell is placed on a pad of cotton 
wool under the receiver of an air pump, as the air is exhausted 
the sound of the bell grows fainter and fainter, and finally, 
if the pump is a good one, ceases to be heard at all. On 
allowing the receiver to fill again, either with air or any other 
gas, the sound is again heard. 

364 
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Although sound usually reaches us through the air, it can 
be transmitted also through liquids or solids. If one end of 
a long wooden pole is tapped, an observer placing his ear in 
contact with the other end of the pole will distinctly hear the 
tapping, although it may be quite inaudible if he raises his 
head some little distance from the pole. In this case the 
sound is propagated through the wood to a greater distance 
than through the air. 

238 . Velocity of Sound in Air.—If a gun is fired at some 
distance from an observer, the flash of the explosion is seen 
before the report of the gun is heard. As the two occur 
simultaneously, it is evident that sound travels more slowly 
than light. The velocity pf light is so great (186,000 miles 
per second) that the time taken for light to travel over the 
greatest distance for which even the loudest sound is audible 
is quite a negligible fraction of a second. Hence we may 
assume that the instant at which the flash is seen is the 
instant at which the gun is fired. Thus, if the time which 
elapses between seeing the flash and hearing the report is 
taken, this will be the time the sound has taken to travel the 
distance between the gun and the observer. If this distance 
is measured, the velocity of sound can be determined. 

Sound takes rather less than 5 seconds to travel a mile in 
air, so that large distances must be used if accurate results 
are to be obtained. The experiments are usually conducted 
between two hills several miles apart. The exact distance 
can be obtained from a geographical survey of the country. 

A small cannon is fired on one of the hills, and observers 
on the other note by accurate chronometers the time which 
elapses between the flash and the arrival of the sound. If the 
air between the hills were at rest, the ratio of the distance 
between them to the time as thus taken would give the 
velocity of sound in air. 

The air is, however, usually far from being at rest. As 
sound is transmitted by the air it will also be carried witli the 
air If the latter is in motion. Thus, if the wind is blowing 
directly from the firing-party to the observers, the sound will 

earned with the wind and will reach the observers sooner 
than if the air had been at rest. The observed velocity will 
m fact be the sum of the velocities of the air and the sound 
On the other hand, if the air is blowing from the observers 
towards the cannon, the time taken for the sound to reach 
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them will be increased. To overcome this difficulty, cannon 
are placed at both stations, and the velocity of sound in 
each direction is determined. The mean of these results is 
taken as the velocity of sound under the actual atmospheric 
conditions. This mean will, however, only be the true 
velocity if the wind is blowing along the line joining the two 
stations. It IS easy to see that if the wind is blowing across 
this line the sound is carried out of its direct course by the 
wind, and the distance actually travelled by the sound is 
greater than the direct distance between the stations. Thus 
the apparent velocity in both directions is decreased and the 
results will be too low. This difficulty can only be overcome 

by confining the observations to days when the atmospheric 
conditions are favourable. ^ 

The velocity of sound in air is independent of the pitch of 

the sound, that is, whether a shrill or a low note is sounded, 

and IS very nearly independent of the loudness of the sound 

These conclusions can be verified by listening to the music of 

a distant band. It is obvious that unless the notes of the 

different instiuments took the same time to reach the ear, the 

result at any distance from the band would be a horrible 
discord. 

The velocity of sound in air is independent of the 
atmospheric pressure, but it increases with the tempera¬ 
ture. The velocity of sound in a gas is indeed directly 

proportional to the square root of the absolute tempera¬ 
ture. 

The velocity of sound in dry air at o° C. is 331 metres 
per second. This corresponds to a velocity of 1086 feet 
per second. Sound travels still more rapidly through 
solids and liquids. 

239 . Reflexion of Sound—Echoes.—Sound can be reflected 
in the same way as light. Owing to the much greater length 
of the sound waves, small inequalities in the reflecting sur¬ 
face make very little difference to their efficiency as reflectors, 
so that sound may be reflected at a brick wall, or even by a 
cliff or a steep mountain-side. Thus, if we stand at some 
distance from a vertical cliff and give a sharp shout, the 
sound will be reflected by the cliff and will come back to us 
again after an interval depending on our distance from the 
cliff. This is known as an echo. The time which elapses 
between our uttering the shout and hearing the echo is 
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obviously equal to the time taken for the sound to travel to 
the cliff and back again—that is, to 4 ^, where D is the dis¬ 
tance from the cliff and V the velocity of sound in air. 

Thus, a ship in a fog can sometimes detect the neighbour¬ 
hood of a line of cliffs or a large iceberg by hearing the echo 
of the ship s siren. If the time is taken between each blast 
and its echo, the distance of the obstacle can be calculated, 
^d by repeating the observations after a short interval of time 
has elapsed it can be found if the ship 
is approaching the obstacle or not. 

240. The Nature of Sound_Sound is 

due, as we have seen, to the vibrations of 
the sounding body. These vibrations are 
transmitted to the particles of air, or 
other medium in immediate contact with 
the body, and are in turn handed on to 
the particles still farther away, until in 
course of time they reach the ear of the 
observer. Suppose, to take a concrete 
case, the prong A of the tuning-fork in 
Fig- 193 is moving at a given instant in 
the direction AB. The motion of the 
fork compresses the air immediately in 
front of it, which in turn produces a 
compression in the portions of the air 
still farther from the fork. Thus a wave 
of compression travels out through the 

air from the fork. On reaching the Fig. 193— Vibration 
extreme end B of its vibration, the fork of a Tuning-Fork, 
begins to return in the direction BA, 

leaving a space behind it into which the surrounding air 
expands. The pressure of the air in immediate contact 
with the fork IS thus reduced. This reduction of pressure 
IS similarly transmitted to the farther portion of the air, and 
thus a pulse of rarefaction spreads out through the air, 
following the pulse of compression. 

Thus, as the vibrations of the tuning-fork continue, the air 
arourid it becomes filled with a succession of pulses of com¬ 
pression and rarefaction, which, if the vibrations of the fork 
are regular, will follow each other at regular intervals. This 
condition may be represented by the arrangement of lines 
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in Fig. T 54, where the position of the vertical lines may be 
taken as indicating the relative spacing of neighbouring air 
particles. 

This method of propagation of energy through a medium is 
called wave motion, and the sound is said to be transmitted 
by waves in the air. If we consider a single particle of air we 
shall see that it executes a vibration about its mean position 
in unison with the vibrations of the fork, moving forward in 
the direction of the sound at each compression, and backward 
at each rarefaction. This kind of wave motion, in which the 
individual particles vibrate in the direction in which the 
energy is being propagated, is called “ longitudinal ” wave 
motion. If the motion of the particles of the medium is at 
right angles to the direction of propagation, as in the case of 



the ripples on the surface of a pond, the wave motion is said 
to be “transverse.” 

The distance between two successive compressions or two 
successive rarefactions is called the wave length of the dis¬ 
turbance. The time between the production of successive com¬ 
pressions by the fork is obviously the time taken by the fork to 
make a complete vibration—that is, from A to B and back again 
to A. The distance between two compressions is therefore 
the distance which the first compression has travelled through 
the medium at the moment when the second compression is 
formed—that is, in the time of one complete vibration of the 
fork. Now as the sound will be heard at the moment when 
the first compression reaches the ear, the velocity of the com¬ 
pression through the medium is the velocity of sound in it. 
Hence, if V is the velocity of sound in the medium, t the 
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time of vibration of the sounding body, and X the wave length 
of the sound in the medium, we have 

V/=X 

The frequency 0/ a vibration is defined as the number of com¬ 
plete vibrations ?nade in i second. As i vibration takes t 
seconds, the number of vibrations in i second is obviously 

-j. Thus— 

1 

/ 

where n is the frequency. Substituting in the previous 
equation we have 

v=«. X 



Fig. I 9 S—Apparatus to illustrate Longitudinal Wave Motion. 


The frequency of the vibrations depends only on the bodv 
emitting the sound. It is obvious, therefore, from the 
equation that the wave length of the sound depends ^ Ihe 

ftransmitting medium. The wave 
wafer as in\r"" in 

beTfudJ'id bf }°"Ki‘'tdinal wave motion can easily 

e studied by making a long spiral of copper wire and sus¬ 
pending the coils from two horizontal supports by’a number 
of long thin cotton threads (Fig jqc) jf nn^ 

spiral is compressed by a sLr^p bfoi^,' the elaMi'chy ^f th: 
coils causes a wave of compression to pass along the^coils in 
exactly the same way that the elasticity of the air causerthe 

ouTthrougHt*''''I^th tuning-fork to travel 

through It. If the coils are made sufficiently heavy, the 
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motion of the wave along the coils is slow enough to be 
observed with ease. A few observations made with such a 
coil will give a better idea of the characteristics of longitudinal 
wave motion than many pages of description. 

241 . Pressure-Curve for a Sound Wave.—We have seen that 
in a compression the particles of air are packed more closely 
together than in the undisturbed air. The volume they 
occupy is therefore less, and the pressure correspondingly 
greater than that of the undisturbed medium. We can repre¬ 
sent the pressure variations in the various parts of the wave 
graphically, and the method is often of use in considering 
problems in sound. 

Suppose we draw a straight line to indicate the direction 
in which the sound is travelling. We can also take this line 
as indicating the pressure of the undisturbed air. Pressures 
greater than the normal can then be represented by drawing 
ordinates above the line proportional to the excess of pressure 
at the corresponding point in the wave, while similarly 
pressures less than the normal can be represented by drawing 
similar ordinates below the line. If we do this for all points 
in the wave, the curve obtained will indicate the pressure 
variation from point to point of the wave. The pressure 
curve for the sound wave represented in Fig. 194 is sho^vn in 
the lower half of the figure. The crest of the curve corre¬ 
sponds to the centre of a compression, the trough to the 
centre of rarefaction. The distance between two successive 
crests is equal to the wave length of the sound. 

The diagram of course represents the state of affairs at 
some particular instant. The compressions and rarefactions 
are travelling through the air with the velocity of sound. 
Thus, to get an idea of what takes place in the air we must 
regard the whole curve as moving bodily in the direction in 
which the sound is travelling with the velocity of sound. 

242 . Determination of the Pitch of a Note.—The loudness 
of a sound depends on the amplitude of the vibrations falling 
upon the ear. If the vibrating particles of air are moving 
backwards and forwards over a long path, and therefore 
possess much energy, the sound will be loud. If they are 
moving in a very short path, their energy will be small and 
the sound will be correspondingly faint. The shrillness or 

lowness of a note-that is to say, its musical pitch—depends, 

on the other hand, only on the frequency ot the vibrations. 
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If the frequency is large—that is to say, if the vibrating body 
executes a large number of vibrations per second—the note 
will be shrill; if the frequency is small, it will be correspond¬ 
ingly low. 

For physical purposes we define the pitch of the note as 
the number of vibrations per second made by the sounding 
body—that is to say, the pitch of the note is equal to the 
frequency. 

The pitch of a given musical note can be determined by 
means of a siren. In its simplest form this consists of a 

large cardboard disk, having a 
number of small holes arranged 
at equal distances around it 
(Fig. 196). The disk can be 
rotated at varying speeds, and a 
tube with a fine nozzle is placed 
close to the disk, so as to direct 
a blast of air upon it at the level 
of the holes. As each hole in 
turn comes into the blast a puff 
of air is forced through it, making 
a pulse of compression at the 
farther side. If the disk is 
rotating uniformly, these pulses 
will follow each other at regular 
intervals, and will combine to 
form a more or less musical 
note of definite pitch. If the 
disk is revolving slowly, the 
Fici. 196.—The Siren. pitch will be low; if the rate 

of rotation is increased, the 
pitch rises. The speed can be adjusted until the note 
emitted is the same as that of the sounding body whose pitch 
is required. The number of revolutions made by the disk 
per second can be found by attaching a counter to the axle. 
Fach of the holes in the disk passes the jet once in every 
revolution. The total number of puffs per second is there¬ 
fore equal to the number of holes in the disk multiplied by 
the number of revolutions per second. This is the frequency 
or pitch of the note. 

243 . Tho Diatonic Scale,—The pitch of a note may also be 
expressed by the relation of its frequency to that of some 
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standard or fundamental note. This method is adopted in 
music. The ratio between the frequency of the higher and 
that of the lower note is known as the interval between 
them. 

If the frequency of one note is double that of the other, 
the second note is said to be the octave of the first. The 
interval between successive octaves is therefore -f. This 
interval is divided into seven smaller intervals of unequal size 
known as tones and semitones. They correspond fairly 
closely to the white keys on the pianoforte. In the “Tonic 
Sol-fa ” system of nomenclature they are represented by the 
letters 

if 

d' is the octave of the fundamental note d. The intervals 
between the fundamental and the other notes on the scale 
are printed below them in the above table. The intervals 
between the notes on the diatonic scale, as it is called, are 
independent of the absolute pitch of the fundamental note. 
The standard note is usually the middle C on the piano¬ 
forte. This is generally tuned to make 256 vibrations 
per second. 

The most convenient standard of pitch is a tuning-fork, 
constructed so as to make a known number of vibrations 
per second. This number is stamped on the fork by the 
maker. If the standard C fork is constructed to make 256 
vibrations per second, the standard G (sob) will make 256 x 
that is, 384 \ the octave d', 512 vibrations per second ; and so 
on, A set of tuning-forks corresponding to the notes of the 
diatonic scale is very useful for practical work. The ear of 
a trained musician can, however, distinguish the different 
intervals with considerable accuracy without such mechanical 
aid. 

244 . Vibration of Stretched Strings.—If a flexible elastic 
cord, such as a length of catgut or a thin metal wire, is tightly 
stretched between two fixed points and then plucked to one 
side, it will vibrate for some little time about its mean position, 
giving out, under suitable conditions, a musical sound. Many 
musical instruments {e.g. the violin, piano, etc.) dep^end on 
this property of a stretched string. 

The behaviour of a stretched string may be studied by 
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means of an instrument shown in Fig. 197, and known as a 
monochord^ or sonometer. The string is firmly attached to 
a peg A at one end of a hollow wooden box D which serves 
as a sounding-board. The other end of the string passes 
over a pulley P to a scale pan. Tension is applied to the 
string by adding known weights to the scale pan. The string 
is fixed at two points on its length by passing over wooden 
wedges, or ** bridges ” as they are called. These bridges can 
be made to slide along the board; the length of the vibrating 
portion of the string can thus be altered. The points on the 
string which press against the bridges are prevented from 
vibrating. These points are called nodes. If the string is 



Fig. 197. —Experiment on the Vibration of Stretched 

Strings—The Monochord. 


stretched by a suitable weight, and then gently plucked 
in the middle, it will vibrate as a whole, the points BB being 
stationary and the portion of the string half-way between the 
bridges executing the widest movement. This point is known 
as an anti-node. 

The note emitted by the string when vibrating in this way 
is called its fundamentaL It can be shown by experiments 
with the sonometer that the frequency n of the fundamental 
note given out by a stretched string is 

(a) inversely proportional to the length of the string / ; 
{b) directly proportional to the square root of the 
stretching force F ; 

(<•) inversely proportional to the square root ol the 
mass m of unit length of the string. 
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It is independent of the material of the string, providing 
that the mass of unit length of the string remains the same. 
These results are expressed in the formula 





These laws may all be verified by the sonometer. For 
example, let us place a suitable weight on the pan, and 
adjust the bridges until the string is giving out, say, the 
middle C. This may be done by comparing the note with 
that of a tuning-fork making 256 vibrations per second ; the 
bridges being moved a little at a time until the two notes are 
in unison. Keeping the weight in the pan the same, the 
bridges are then adjusted until the string is sounding the octave. 
It will be found that the distance between the bridges has 
been reduced to one-half. In the same way, if the string is 
tuned into unison with a G fork, the length of the string will 
now be two-thirds of its original length. The frequency is 
thus inversely proportional to the length of the string. 

Again, if the string is tuned to the C fork, and the weight 
in the pan is increased to four times its original value, the 
lengtt of the string remaining the same, the string on being 
plucked will now give out the octave—that is, its frequency 
will be doubled. Hence the frequency is directly propor¬ 
tional to the square root of the stretching force. The third 
law can be verified by comparing the notes emitted by wires 
of different sizes and materials. 

It can be shown theoretically that—. 



where /==: length of the string, m the mass of unii length of it, 
and F the stretching force measured in dynes. 

245 . Overtones of a Stretched String.—When a string is 
emitting its fundamental note it is vibrating as a whole 
between the two bridges. This state of vibration may be 
represented by the curve {a) in Fig. 197, which shows the 
position of the string at one extremity of its vibration. TJie 
string can, however, be made to vibrate in other ways. If, 
for example, the finger is held lightly half-way between the 
bridges, and the string is then struck, a node will be formed 
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beneath the finger and the string will be found to be vibrating 
in two halves, as in (^). Since each vibrating portion is 
exactly half the whole length of the string, the pitch of the 
note emitted will be exactly doubled—that is to say, we 
shall hear the octave. Similarly, by touching the string at 
one-third of its length from one end it can be made to vibrate 
in three portions, as in (c). The frequency of the note is now 
three times that of the fundamental, or f that of the octave. 
It is therefore s' in the second octave. Thus by suitably 
damping the string it can be made to emit a series of notes 
the frequencies of which are in the ratio i : 2 ; 3 : 4, etc., and 
which therefore form a harmonic progression. These notes 
are called overtones, or harmonics. 

A vibrating string will very rarely be found to be emitting 
only its fundamental. The note is generally accompanied by 
one or more of its overtones. Strike the stretched string of 
the sonometer, for instance, and then, while it is vibrating, 
touch it lightly in the middle with a feather. This will damp 
out the fundamental vibration, which will cease to be heard. 
On listening closely, however, the octave of the note will 
usually be heard. The string was vibrating in the modes (a) 
and (d) simultaneously, though the intensity of the funda> 
mental was greater than that of the octave. 

The musical quality of the note emitted by a sounding 
string depends on the intensity and the number of the 
harmonics which accompany the fundamental note when the 
string is excited. The notes of a good violin are very rich in 
harmonics, and the quality of the note is correspondingly 
good. On the other hand, it is found that the harmonics 
beyond the sixth cause dissonance with some or other of the 
lower harmonics. A piano string is struck at a point one- 
seventh of its length from one end. This excites all the 
harmonics up to and including the sixth, but eliminates the 
seventh and higher ones. 

246 . Superposition of Soimd Waves.—Beats.—If two 
tuning-forks of very nearly the same frequency are sounding 
at the same time, the ear is not usually able to distinguish the 
separate notes. Instead of this, a single note is heard but 
with a rythmic variation in intensity, alternately loud and soft. 

his IS known as the phenomenon of “ beats.” If the forks 
are very nearly equal indeed, the beats are very slow, only 
one or two pierhaps being heard per second. As the difference 
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in frequency is increased, the beats become more rapid, until 
finally they become too quick for the ear to distinguish, and 
the usual discord is heard instead. The phenomenon can 
very well be studied by taking two forks of equal frequency, 
and gradually decreasing the frequency of one of the forks by 
loading the ends of its prongs with wax. The more wax is 
put on, the smaller the frequency. 

The formation of beats can easily be understood from a 
consideration of the pressure-curves (§ 241) for the two trains 
of waves. Let us suppose that the thin line in Fig. i 98 repre- 
sents the pressure-curve for the train of waves from the 
tuning-fork having the smaller frequency. Then, since the 
wave length is equal to the velocity of sound divided by the 
frequency, the wave length of the waves from the second fork 
will be slightly smaller, and its pressure diagram will be repre¬ 
sented by a curve such as that of the dotted line in the 
figure. Now at some point such as A in the diagram a 



compression due to the first set of waves occupies the same 
position in the air as a compression due to the second. The 
excess of pressure at that point is therefore equal to the sum 
of the pressures due to the separate waves—that is to say, it 
will be represented on the figure by an ordinate equal to the 
sum of the ordinates for the separate curves. 

As we pass along in the direction AC, however, since one 
set of waves is shorter than the other the waves gradually get 
out of step until eventually we come to a region such as B, 
where a compression, due to one note, coincides with a rare¬ 
faction due to the other. That is to say, while one set of waves 
tends to increase the pressure, the other tends to decrease it. 
The resultant variation in pressure is therefore practically 
zero. If we consider the ordinates above the line as positive, 
since they represent pressures greater than the normal, and 
ordinates below the line negative, indicating that the pressure 
at the corresponding point is decreased, it is evident that the 
algebraical sum of the ordinates at any point will represent the 
actual pressure change at that point due to the joint action of 
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the two trains of waves. In this way we can draw a pressure 
diagram to represent the actual state of affairs at a given 
instant in the air through which the two sets of waves are 
travelling. The diagram (Fig. 198) is drawn for waves of 
frequencies 8 and 9 respectively. The resultant pressure 
curve is shown by the thick line in the diagram. It will be 
seen that at a point such as A the alternations of pressure are 
very great, and a loud sound will be produced. Around B 
the pressure changes are almost zero ; the air is practically 
undisturbed, and hence no sound would be heard. As we 
pass along from B it will be seen that the compressions due 
to the different forks come closer together until finally they 
again coincide at the point C. The sound, therefore, again 
reaches a maximum. 

Since both sets of waves are travelling in the same direc¬ 
tion with the same velocity, we may regard the whole diagram 
as moving bodily in the direction of the sound. The ear will 
thus hear a series of beats corresponding to the coincidences 
such as A or C, each of which will be followed by a short 
interval of silence when the position B reaches the ear. 

If the frequencies of the two notes are n and then 

while in one second the first is giving out n complete waves 
the second gives out «+ i waves. There will thus be one posi¬ 
tion each second, such as B, when the two sets of waves will be 
in opposition, and the number of beats will be one per second. 
If the frequencies are n and ^+2, there will similarly be 
two such positions, and two beats per second will be heard. 
In general the number of beats per second is equal to the differ¬ 
ence between the frequencies of the two forks. 

This result is often used to find the difference in frequency 
between two notes of very nearly the same pitch. Thus, if 
a given tuning-fork when sounded together with the standard C 
fork makes 4 beats per second, its frequency must be either 
4 units higher or 4 units lower than the standard fork—that is, 
either 256-+-4, or 256 — 4. A little wax may be stuck on 
the prongs of the unknown fork. This will reduce the 
frequency. Hence, if the frequency of the unknown fork 
was greater than that of the standard, the difference between 
them will be decreased by loading, and the beats will now 
be slower. If, on the other hand, it was lower than the 
standard fork, the loading will increase the frecjuency of the 
beats. We can thus distinguish between the two cases. 
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“■ *'™ -S S.o*c'!? 

If the velocity of sound in air at o* C. is metres 
per sec., how long will it take for sound to travef from one 
is o °C. ?° ^ kilometres away, when the tempemture 

; previous example what will be the difference 

in the time taken for the sound to travel from .s*- 
to the other if the temperature rises from o“ C. to 20° 

[Velocity of sound in air is proportional to 
square root of the ab solute temperature 


20 


273 


Time taken at 20® C. = 


273 

“343 metres per sec. 
6 X 1000 

sec. 


Time taken at o* C. = —^ looo 

331 * sec, 

Sound takes o-6 sea longer on the cold day.] 

— ^ - -- . __ _ • mass per cm. of which is 

o 01 gram per cm., is stretched by a weight of ro kilograms. 
Calculate the frequency of the fundamental note. 



2 X 


f_ /lo X 1000 X 981 

lOoV 


= 156*6 per second.] 


5. A string of length 60 cms. weighs 0*5 gram What 

weight must be attached to it to make it sound the middle 
C, as its fundamental note ? 

6. When a siren is tuned so that its note is of the same 
pitch as that of a given tuning-fork, it is found to be makine 
900 revolutions in one minute. If the number of holes in 
the siren is 32, what is the frequency of the fork ? 

7. Calculate the wave length in air at o® C. of the note 
emitted by a tuning-fork making 256 vibrations per second 
Assuming that the velocity of sound in glass is four times ite 
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wave length of the same note 

in glass. 

S. An observer at some distance from a cliff finds that 
the interval between a sound and its echo is 5 seconds. He 
walks yoo feet nearer the cliff, and finds that the interval is 
reduced to three seconds. What is the velocity of sound ? 
and what was his original distance from the cliff? 

9. The string of a sonometer when sounding its funda¬ 
mental note is found to cause beats with a standard fork of 
frequency 256; the number of beats heard in 10 seconds 
being 30. By moving the bridges very slightly nearer to 
each other the number of beats in 10 seconds was reduced 
to 13 . What was the original frequency of the Etriog ? 



CHAPTER II 

RESONANCE—VIBRATING COLUMNS OF AIR 


247 . Resonance.—-Take two tuning-forks of the same pitch 
and place them close together. Strike the first fork, and 
then stop its vibrations with the hand. The 
second fork will now be found to be 
vibrating. 

IPhc vibration of om system in sympathy 
TVtth the vibrations of another is known as 
resonance 

Take a heavy pendulum (Fig. 199) and 
attach a thin thread to the bob. If we try 
to give the pendulum a large displacement 
by pulling on the thread the latter will 
break. If, however, we give a gentle jerk 
to the thread, the pendulum will move 
slightly in the direction of the thread, and 

will then swing back to a position slightly __ 

beyond its equilibrium point. If, when it 0 

has reached this pomt, we give another ^ „ 

gentle pull to the thread, the second ex- ment ?o illusulVe 
cursion of the pendulum will be somewhat Resonance, 
greater than the first. Wait until the bob is 
again moving in the direction of the thread, and again give a 
gentle pull. In this way, by timing the impulses of the thread to 
coincide with the time of swing of the pendulum, a very large 
motion of the pendulum will finally be produced. If, however, 
the impulses are irregular, or if they do not exactly coincide 
with the swing of the pendulum, the effect will be practically 
nil. 

We may regard this as a model of what goes on in the case 
of the tuning-forks. Each wave of compression from the 
sounding fork gives a slight blow to the prong of the second 
fork. If this succession of blows exactly coincides with the 

380 
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time of vibration of the second fork, their successive impulses 
will accumulate, and perceptible vibrations will be produced. 
If, however, the impulses are not in time with the natural 
vibrations of the fork, the successive impulses will neutralise 
each other and the fork will remain at rest. 

248 . Kesonanco of Columns of Air.—A column of air, such 
as that contained in a glass tube, can be made to resound to 
a note of proper frequency. Suppose a tuning-fork is sound¬ 
ing above such a column of air, and that at the moment we 
are considering the fork is moving from A to B (Fig. 201). 
As we have seen, this sends a wave of compression down the 
tube. When this wave reaches the closed end of the tube, 
the air against the end is compressed. As it cannot move the 
fixed end of the tube it reacts upon the air inunediately above 
it, thus sending a pulse of compression up the tube. In other 
words, the pulse of compression is reflected at the fixed sur¬ 
face, and its path is reversed. Let us suppose that at the 
instant when this return wave reaches the tuning-fork the 
latter is at the extreme end of its excursion B, and is about 
to return to A. The return wave is thus in a position to 
reinforce the motion of the prong. 

Now, as the pulse of compression leaves the tube, the air 
particles in the pulse are moving in an outward direction. 
The pressure of the air immediately below the pulse is there¬ 
fore reduced, and a pulse of rarefaction is produced, which 
begins to travel down the tube. The tuning-fork, which is 
now moving from B to A, is also sending a similar pulse 
of rarefaction down the tube. These two pulses reinforce 
each other. On reaching the bottom, the reinforced pulse is 
reflected, and returns to the top of the tube just as the tuning- 
fork reaches A. Now, on reaching the open end of the tube, 
the rarefaction in the pulse causes the free air around it to 
rnove into the tube to equalise the pressure, and thus a pulse 
of compression travels down the tube. This is still further 
reinforced by the prong of the tuning-fork, which is now 
jegmning to move from A to B. In this way the intensity 

of the pulses is continually increased, and the tube emits a 
strong clear note. 

It will be noted that when the tube is adjusted to give 
resonance the pulse travels twice the length of the tube (that 
is, down and up again) while the tuning-fork is performing 
half a complete vibration. Hence it would travel a distance 
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A simple resonance tube can be made by taking a long 
piece of wide glass tubing, and holding it in an^uprthf 
position in a tall cylinder of water (Fig. By rai^fnL m 

lowering the glass tube, the length of the column of air ^ h 
can be adjusted at will. The tuning-fork 
IS sounded and held over the top of the 
tube, which is gradually raised from the 
wa-ter. At a certain point the sound will 
suddenly swell out in intensity. This is 
the position of resonance. The length of 
the tube above the surface of the water 
IS measured. This is four times the wave 
length of the note in air. 

If the frequency n of the tum'ng-fork is 
known, the velocity of sound in air can be 
calculated. By § 240 the velocity 

= 4 ^/ 

where / is the length of the resounding 
column, since A.=4/. Conversely, if the 
velocity of sound is known, the experiment 
can be used to find the frequency of the 
tuning-fork. 

The formula, just quoted, requires a 200.— KxpeH- 

smTlI TT ^ t ^ ««ent With Reson- 

smaii correction. Experiment shows that ance Tube. 

the motion of the air is restricted by the 

pipe for a short distance beyond the open end of the pipe. 

I o obtain the effective length of the pipe we must add to its 

actual length a distance equal to o-6 times the radius of the 

tube. Thus a more exact formula for the closed tube is 

V=4«(/-|-o*6^) 

where r is the radius of the open end of the tube. 

Although it has been convenient to consider the waves of 
sound as travelling up and down the tube, it is well to realise 
that when resonance is obtained the air in the tube is vibrating 
as a whole. Each particle of air is oscillating about its mean 
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position in a direction parallel to the length of the tube, and 
all the particles are moving in the same direction at a given 
instant. The column is, in fact, alternately lengthening and 
shortening, and the frequency of its vibrations is equal to 
the frequency of the fork to which it resounds. The air in 
contact with the closed end of the pipe is of course at rest ; 
the maximum displacement and maximum velocity occurring 
at the open end of the pipe. On the other hand, the air at 
the open end of the pipe is at constant pressure (that of the 
atmosphere) j the maximum pressure changes occur at the 



(cz) (6) (c) 

Fig. 201. —Resonance in a Closed Column of Air. 


closed end. Thus, comparing the pipe to a vibrating string, 

pip® is a node, the open end is a loop. 
The distance between the closed and the open end is thus one 
quarter of a wave length : a result we have already obtained. 

The motion of the air can be imitated fairly closely by sus¬ 
pending a weight from the lower end of a spiral spring which 
IS hanging vertically from a fixed support. If the weight is 
displaced downwards and then released the motion of the 

will simulate very closely the motion of 
the different layers of air in the resounding tube. The lower 
end of the ^ring, of course, corresponds to the open end of 
the pipe. Thus, if for convenience we represent the motion of 
the air as taking place at right angles to the length of the 
tube instead of parallel to it, the mode of vibration can be 






384 


MANUAL OF PHYSICS 


represented as in Fig. 201 {a), where the dotted lines mark the 

extreme displacement of the particles on each side of their 
mean position. 

The column of air will also resound to a tuning-fork of 
three times the frequency of that which produces the lowest 

note. The condition for resonance is that 
the fork shall be beginning to move from B to A at the 
moment when the original compression returns to the end of 
the tube. In the case we considered, the fork made half a 
vibration during the time taken for the compression to return 
from the bottom of the tube. If, however, it had made one 
and a half vibrations, then obviously the fork would again 
be in the position B when the compression returned, and 
resonance would take place. In this case the length of the 
tube will be three-fourths of the wave length of the note in 
air. The air is then vibrating with an intermediate node, 
situated, as shown in Fig. 201 (^), one-third of the way down 
the pipe. Similarly, resonance can be obtained with forks 
having five, seven, or any odd number of times the frequency 
of the fork exciting its lowest or fundamental note. These 
additional frequencies are known as harmonics of the funda¬ 
mental note (§ 245). Only the odd harmonics are possible 
for a closed tube. In measuring the velocity of sound by 
the resonance tube, care must be taken to find the shortest 
length of tube which will resound to the fork. 

249 . Besoaance in an Open Tube,—Resonance can also be 
obtained with a tube open at both ends. We have already 
seen that a pulse of compression on reaching the open end 
of the tube sends a pulse of rarefaction down the tube. We 
may say that the pulse of compression is reflected at the open 
end of the tube as a pulse of rarefaction. Hence, if a tuning- 
fork A sends a pulse of compression down a tube which is 
open at both ends, on reaching the farther end it will be 
reflected, and travel back as a pulse of rarefaction. Hence, 
for resonance to occur, the fork A must, when the pulse 
reaches it again, be producing a pulse of compression down 
the tube—that is to say, it must be at A, and not at B. Thus 
the pulse travels once up and down the open tube while the 
fork is making one complete vibration. The wave length of 
the note is, therefore, twice the length of the resonating 
column. As in the case of the closed pipe, the air in the open 
pipe is vibrating as a whole, when in resonance. In this case. 
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however, each open end is a loop, and the intermediate node 
is in the centre of the tube (Fig. 202, b'). 

Following the argument of the previous section, it can be 
seen that an open column will give resonance if the fork 
executes any number of complete vibrations in the time taken 
for the pulse to travel down and up the tube—that is to say, 
it will resound to forks having frequencies of 2, 3, 4, or indeed 
any integral multiple of the frequency of the fork exciting the 
fundamental note. The open pipe, therefore, gives the com- 



(^} ic) 

Fio. 202.—Resonance in an Open Column of Air. 


h^monics, in contrast to the closed pipe for 
which only the odd harmonics are possible. 

250 . Organ Pipes.—The notes emitted by organ pipes 
^ig. 203a) are examples of the resonance of columns of air. 
T^e air from the wind chest is forced against a sharp bevelled 
edge called the hp, and, escaping in an intermittent manner, 
produces a hissing noise, consisting of a mixture of vibra¬ 
tions of different frequencies. The air column in the pipe 
picks out so to speak, the vibrations with which it is in 

tune, and reinforces them by resonance. The others are 
suppressed. 

As the organ pipe is capable of resounding to notes of 
other frequencies than its fundamental, a series of harmonics 
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will occur in the note from an organ pipe, just as in the case 
of the note from a stretched string. It will be evident from 
the previous section that in the case of an open pipe (that is 
to say, an organ pipe open at both ends) any or all the 



Fig. 203a.—An Organ Pipe. 

harmonic series of notes may be present. In the case of the 
closed pipe (such as that in the figure) only the odd harmonics 
are heard. 

250 *. Measurement of the Velocity of Sound in Various 
Gases.—For the measurement of the velocity of sound in any 
gas, when that in air is known, the form of resonance tube 
shown in Fig. 203^ may be employed. A long glass tube is 
closed at one end by a movable piston S. A metal rod R, 
about a metre long, is firmly clamped at its middle point C, 
and carries a flat plate P on one end, the diameter of the 
plate being rather less than that of the tube so that it can be 
inserted into it, as shown, without touching the sides. To 
make the tube gas-tight, the open end is closed by a flexible 
rubber membrane, which prevents the escape of gas, but at 
the same time is so loose that it does not communicate any 
vibration from the rod R to the walls of the tube. Side tubes 
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serve to introduce various gases into the tube. The apparatus 
is known as Kundt'a Tube. 

To perform an experiment the tube is carefully dried, and 
a line of lycopodium is placed along the tube. The far end 
of the rod R is then stroked with a cloth moistened with 
rnethylated spirits. The rod is thus thrown into longitudinal 

gives out a note of high pitch. The piston S 
is adjusted until the column of gas in the tube is in resonance 
with this note. The motion of the gas in the tube then 
becomes so violent that the lycopodium powder is raised as 
a cloud of dust, which, as the vibration dies away, settles 
down into little heaps at the nodes, where the gas is at 



Fig. 2036.—Kundt’s Tube. 


rest. The distance between two heaps is equal to half the 

of the note emitted by the rod. 

The experiment is performed first with air in the tube 
and then with the gas in which it is required to find the 

^ of sound in 

fs^onTt^;: "" respectively, ^r, since . 



where ^ and ^ are the distances between the ridges of 
^ respectively. ^ 

Pres ”ure-U canT\ Temperature aud 

foun^n ^ shown, theoretically, that the velocity of 

sound in a gas is given by ^ 



where p is the pressure, p the density, and v a factor 
which vanes with the nature of the iras The In ¬ 

constant for a given gas at a given temperature (§ 87).^'^The 
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velocity of sound is, therefore, independent of changes in 
pressure. 

is the volume of one gram of gas at o® C., z/ the volume 
at Z® C., the pressure remaining constant, po and p the 
densities at o® C. and /® C. respectively. 


V i+a/' 

where a=the coefficient of expansion of the gas. 

Hence Vj = ^ 

“Vp ^ I +«/ 

where V^, Vp are the velocities of sound at /® C. and o® C. 
respectively. The velocity is thus directly proportional to 
the absolute temperature of the gas (§ 114). 

250 ***. Velocity of Sound in Solids.—The rod used for 
producing the vibrations in Kundt*s tube is clamped in the 
middle. This point is therefore a node ; the free ends being 
obviously loops. Its mode of vibration, therefore, corre¬ 
sponds to that of an open pipe, and, assuming that it is giving 
its fundamental note, the wave length of this note in the rod 
itself must be equal to twice the length of the rod. The 
frequency of the note is the same in the metal as in the air 
in the tube. Thus if V is the velocity of sound in the metal, 
Vq that in air— 

V X 2/ / 



where / is the length of the rod, and c'p the distance between 
the successive ridges of lycopodium when the tube is adjusted 
to resonance. We can thus use Kundt*s tube to determine the 
velocity of sound in a solid. 

The velocity of sound in steel is about fifteen times that 
in air. Thus if a steel rod, i metre long, is used to excite a 
K.undt*s tube, the distance between the ridges of lycopodium 
when the tube is filled with air will be about 6*7 cm. 
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EXAMINATION QUESTIONS.—XIII 

1. What are the factors determining the pitch, the loud¬ 
ness, and the quality of a musical note ? Describe one 
method of determining the pitch of a tuning-fork. 

2. Explain how beats are produced. Two tuning-forks 
make 4 beats per second when sounded simultaneously. 
One fork makes 256 vibrations per second, and the beats 
cease when the other fork is loaded with a piece of wax. 
What is the frequency of the second fork ? 

3. What do the terms frequency and wave length mean as 
applied to a musical note ? Explain how they are connected 
with the velocity with which sound travels. 

4. Explain carefully how you would establish experi¬ 
mentally the relation between the frequency of vibration of 
a string, and the force with which it is stretched. Give a 
numerical example to illustrate your method. 

5. Describe the use of the sonometer in determining the 
frequency of the note emitted by a tuning-fork. A wire the 
mass of unit length of which is 0*006 gram is fixed at two 
points 50 cms. apart, and is vibrating in two segments. If 
the tension is 5 kilograms weight, calculate the frequency of 
the note emitted. 

6. What is meant by resonance ? Calculate approxi¬ 
mately the length of the resonance box (closed at one end) 
on which a tuning-fork is to be mounted, the pitch of which 
is 256, the velocity of sound being 1120 feet per second. 
Would the same resonance box answer for a fork of another 
pitch ? If so, of what pitch ? 

7. Describe the possible methods of vibration of the air 
column in a closed and in an open organ pipe. Show in 
each case how the frequencies of the overtones are related to 
that of the fundamental note. 

8. Describe how the velocity of a sound wave in air may 
be determined. Explain how it varies with the temperature. 
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CHAPTER 1 

PROPERTIES OF MAGNETS 

251 . Natural Magnets-It was known in very early times 

that certain naturally occurring black stones had the curious 
property of attracting to themselves small pieces of iron 
These stones were found in Magnesia, and were consequently 
given the name of magnets. It was found that these stones 
(which consist of a black oxide of iron, Fe.OJ could com¬ 
municate this peculiar property, which W called magnetism 
to pieces of iron or steel, which in their turn thus became 
magnetised, and were also known as magnets. The magnets 
used in laboratories consist of pieces of hard steel, usually 
m the form of rods or bars. They are magnetised, not by 
contact with a natural magnet, but more conveniently and 
more powerfully by means of an electric current (§ 32*;). 

It was later found that if a magnet, either artihcial or 
natural, is suspended so as to be free to turn in a horizontal 
plane it will always set in a definite direction, and will return 
to that direction if displaced. This property can obviously 
be used for enabling a ship to steer a proper course, and hence 
the natural magnets were called “ lodestones,” that is, « lead¬ 
ing stones.” The magnetic compass, which consists of a 
small magnetised needle delicately supported on a fine point, 
is the modern development of the lodestone 

252 . Magnetic Pole3._It is found that for many purposes 
the magnetic forces exerted by a magnet may be regarded as 
acting towards or from certain definite points in the magnet. 
These points are known as the poles of the magnet. Every 
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magnet has at least two such points, but may have more. A 
bar magnet which has been uniformly magnetised will have 
two such poles, situated near the ends of the bar. The 
straight line joining the two poles of the magnet is known as 
the magnetic axis of the magnet, and the length of this line 
(which is generally about five-sixths of the length of the bar) 
is known as the magnetic length of the magnet. 

If the magnet is suspended, say by a piece of unspun silk, 
so as to be free to turn in a horizontal plane, the magnet will 
come to rest with its axis pointing in a direction which is 
approximately north and south. The pole which is situated 
at the north end of the magnet is known as the north-seeking 
pole, or more usually simply the north polo of the magnet, 
while that at the other end is known as the south-seeking 
pole, or simply as the south pole of the magnet. It is usual 
to mark the north pole, either with the letter N, or often 
simply with a scratch or a dab of led paint. The poles can 
at any time be identified by suspending the magnet as 
described and noting the direction in which it sets. The 
pole pointing approximately towards the north will be the 
north pole of the magnet. 

The two poles differ in character. Let us take two 
magnets, and suspending one of them, present the north 
pole of the other towards the north pole of the suspended 
magnet. It will be found that the suspended pole moves 
away from the approaching pole. The two north poles repel 
each other. Similarly, if the south pole of the other magnet 
IS brought close to the south pole of the suspended magnet, 
the latter again is repelled. 

On the other hand, if the south pole of the one magnet 

IS brought near the north pole of the other, the suspended 

magnet turns towards the other, showing that the two unlike 
poles are attracting each other. 

Thus like poles repel each other, and unlike poles attract 

We can use this property to identify the poles of an un¬ 
marked rnagnet. The pole of the magnet which repels the 
north-seeking pole of a compass needle is the north pole of 

mathematical treatment of magnetism 
this difference between the poles of a magnet is represented 
by calling the north pole “positive » ( + ), and the south pole 

negative ( ). The two poles are thus said to be of 

opposite sign. 


392 


MANUAL OF PHYSICS 


253 . Maemetic Substances.—Substances which can be acted 
upon by magnets are known as magnetic substances. Iron 
st^l and in a lesser degree nickel and cobalt, are the only 
substances possessing magnetic properties in any appreciable 
egree. Thus a magnet which will strongly attract a piece 
of iron or steel will exert no perceptible influence on a match 
shck or a piece of copper wire. It can be shown by the use 
of very powerful magnets and sensitive apparatus that all 
substances are more or less affected by magnetic forces: 

but, except on the substances named above, the action is so 
small as to be quite negligible. 

If we bring up one end of a bar of iron close to, say, the 
north pole of a compass needle or suspended magnet, the 
magnet will turn towards the iron, 
showing that there exists an 
attractive force between the pole 
and the iron. If now we invert 
the piece of iron so as to present 
the other end to the same pole, 
the magnet will again turn towards 
the iron. Thus the magnetic pole 
attracts and is in turn attracted 
by both ends of the unmagnetised 
piece of iron. If, however, the 
iron is a magnet, then, as we have 
already seen, one end of it will 
attract and the other end will 



B 

-204.—^Experiment to 
illustrate Magnetic Induction* 


repel the north pole of the magnet Hence the distinction 
between a magnet and a piece of magnetic substance which 
h^ not been magnetised is this : that any part of the piece 
of magnetic substance will be attracted by either pole of a 
permanent magnet, while in the case of a magnet one part 
will be attracted and another part will be repelled Thus 
a body which attracts or is attracted by a magnet may either 
be another magnet or simply a piece of unmagnetised magnetic 
substance. T/ie only sure proof that a given dody is a permanent 
magnet is its pozuer to produce repulsion. 

254 . Magnetic Induction.—Let us examine the attraction 
between a magnet and a magnetic substance a little more 
closely. Place an unmagnetised bar of iron in a vertical 
position (Fig 204), and place a small compass needle with 
Its north pole near the end B of the bar. Since the latter 



PROPERTIES OF MAGNETS 


393 


is unmagnetised, the pole will be attracted and will point 
towards the iron. Now bring up a strong magnet C, with its 
north pole directly over the end A of the iron bar. The 
north pole of the compass needle will now be repelled by the 
end B of the bar, thus proving that the iron bar has become 
a magnet with its north pole at the end B, and consequently 
with a south pole at A. The bar AB is said to be magnetised 
by induction. 

The north pole of the magnet C is called the inducing 
pole, while the poles produced in AB are induced poles. 
The inducing pole always induces a pole of the opposite 
kind on the part of the iron nearest to it, and a pole of 
the same kind on the part of the iron farthest away from it. 

The attraction of a magnetic pole for an unmagnetised 
piece of iron is due to induction. When a magnet is brought 
near an unmagnetised substance it induces a pole of opposite 
kind on the portion of the substance nearest to it, and these 
two poles, being unlike, attract each other. The inducing pole 
and the second induced pole, being like poles, repel each 
other, but as this second pole is much farther away than the 
first, the force between them is comparatively negligible, for, as 
we shall see, the force between two poles decreases very rapidly 
as the distance between them is increased. 

If the bar AB is of soft iron, the efTects will disappear as 
soon as the magnet C is removed, leaving the bar again in an 
unmagnetised condition. If, however, the bar AB is made 
of steel it will be found to be slightly magnetised after the 
magnet C is removed, and the effect can be considerably 
increased by hammering the bar while the magnet is in 
position. In this way a permanent magnet can be obtained 
by induction. It must be noticed that the strength of the 
magnet C is not in any way diminished by the process. It 
produces a magnetic state in the bar AB without losing any 
fraction of its o%vn magnetism. 

255 . Production of Magnets,—In practice magnets are 
always made by the action of an electric current (§ 325). 
They can, however, less satisfactorily be made by the action 
of permanent magnets. There are two methods in common 
use. 

I. SiNGi-E Touch.— The steel bar to be magnetised is 
laid flat on the toble, and a strong bar magnet NS is held in 
a vertical position with its north pole touching one end of 
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the bar (Fig. 205). It is then drawTi slowly and uniformly 
along the bar to the other end ; lifted vertically from the bar 
and carried back at some distance above it into its original 
position ; the operation being repeated some twenty or thirty 
times. The end B where 
the pole leaves the bar 
will be a south pole. 

2. Divided Touch.— 

Two permanent magnets 
of equal strength are 
taken and placed on the 
centre of the bar to be 
magnetised, with their 
opposite poles in contact 
(Fig. 206). They are 
then drawn slowly apart 
to opposite ends of the 
bar, lifted up from the 
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bar, and replaced in their original position. The operation 
is repeated several times. The end which is touched by the 
south pole will be found to have north polarity, while the 
other end will be south. 


The simplest magnet we can make has tivo unlike poles, 
situated at a short distance from each end. Unless the 
operations of stroking, etc., are very carefully performed, the 
resulting magnet w’ill often exhibit more than two poles. 
These can be demonstrated by dipping the magnet into iron 
filings, when the filings >vill be found clustering about several 

different points along 
the bar. These poles, 
which are not situated 
near the end of the 
bar, are known as con¬ 
sequent poles. They 
are often present in 

Fig. 206.—Magnetisation by Double magnets made by the 

Touch. action of other mag¬ 

nets. 

A bar of steel can, of course, be magnetised purposely to 
have more than two poles. For example, if we place the 
north pole of a bar magnet on the centre C of a bar of steel 
and stroke it from C to A several times, and then repeat the 
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process with the other half of the bar, stroking with the same 

pole from C to B, the resulting magnet will have a south pole 

at each end and a stronger north pole in the middle, as 
mdicated in Fig. 207. 

A permanent magnet must be made of steeL Soft iron, 
though readily magnetised, loses its magnetisna with great 

ease. Steel, though not so 
readily magnetised as soft 
iron, retains its properties for 
a very considerable time. 
Even a steel magnet will in 
time lose its magnetic char¬ 
acter, and the process is 
greatly accelerated by rough 
treatment — for example, by 
dropping it on the floor, 
hammering it with a hammer, 
or allowing it to become 
rusty. The magnetism of 
any magnet can be completely destroyed by raising it to a 
red heat (above 800* C.). 

256 . Molecular Theory of Magnetisation.—Let us take a 
magnetised piece of watch-spring. It will show only two 
poles a north pole at one end and a south pole at the other 
Suppose now we break the watch-spring in two. It might be 
supposed that in this way we should produce one piece of 
steel possessing only a north pole and another with only a 



Fig. 207.—Production of a 
Consequent Pole. 



Fig. 208,—Result of dividing a Bar Magnet into Fragments. 


south pole. the case. It will be found that new 

poles are produced at the fracture, a south pole on the portion 
carrying the north pole and a north pole on the side nearest 
the original south pole. In other words, each fragment is a 
complete magnet, possessing a north and a south pole 
V ig- 2 0 However many times the process is repeated 
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the resulting fragments are always complete magnets. It is 
impossible by any operation to produce an isolated north or an 
isolated south pole. 

It was suggested by Ewing that the molecules of magnetic 
substances are themselves small magnets possessing a north 
and a south pole. In the case of an unmagnetised piece of 
iron these molecules are arranged in an entirely haphazard 
manner. Thus, if a certain number of molecules have their 
north poles pointing to one end of the rod, there will be on 
an averse an equal number of molecules with their south 
poles pointing in the same direction. The effect of the south 
poles will exactly neutralise that of the north poles, and hence 
the iron as a whole will appear unmagnetised. If, however, 
we can rearrange the molecules so that the little molecular 
magnets are all pointing in the same direction, one end of the 
bar will now be entirely made up of these little north poles 
and will therefore act as a strong north pole, while the other 



Fig. 209.—Illustrating the Molecular Theory of Magnetism. 

end will similarly be a strong south pole (Fig. 209). Since 
the molecules themselves are indivisible it is evident that into 
no matter how many fragments we divide the bar one end of 
each will be made up of north poles, and the other of soutn 
poles. Hence each magnet must possess at least two poles. 

The process of magnetisation, therefore, consists of the 
rearrangement of the molecules of the magnetic substance. 
The student can easily apply the theory to the methods of 
magnetisation already described. 

The process can be illustrated on a large scale by taking a 
test-tube filled with steel filings, and stroking the tube fro m 
one end to the other with a strong magnetic pole. It will be 
found that the tube of filings behaves as a magnet having 
poles at each end. The steel filings have become small 
magnets, and have arranged themselves along the tube under 
the action of the magnetic pole. If now the tube be shaken 
so as to mix the filings, all traces of magnetisation disappear. 
The steel filings still retain their magnetisation, but, being now 
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arranged in a haphazard manner, produce no magnetic effect 
as a whole. In this condition the tube furnishes us with a 
picture of a magnetic but unmagnetised substance. 

If the new arrangement of molecules after magnetisation 
is a permanent one, the substance will retain its magnetic 
properties. If, however, the new arrangement should prove 
to be unstable, the molecules will return to their original 
haphazard grouping when the magnetising force is removed, 
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Fig. 210.—Action of Keepers. 


and the substance will only be a magnet so long as this force 
is acting. The former supposition corresponds to the case 
of steel; the latter to the case of soft iron. 

257 . Demagnetising Force.—Action of Keepers. If we con¬ 
sider again Fig. 209 it will be seen that all the north poles of the 
elementary magnets are pointing in the direction of the north 
pole of the magnet itself. Now since like poles repel and 
unlike poles attract, the tendency of the big poles at the ends 
of the magnet is to cause the elementary magnets to swing 
round, and thus disturb the arrangement of the molecules 
which produces the magnetisation. The mere existence 
of the poles at the ends of the magnet thus produces a force 
tending to demagnetise the bar. This is known as the 
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^^gnetising Thus under the continued action of the 

“• magnet will gradually lose 

Its magnetic properties. ^ 

This effect can be very greatly diminished by the use of 
peepers, or armatures as they are sometimes called. Thus in 

» ^ common form of magnet, known as the 

horseshoe magnet, shown in Fig. zio^, if a small piece of 
soft iron IS placed across the poles of the magnet it becomes 
magnetised by induction as indicated in the figure. Now 

induced in the keeper is very nearly equal 
to the north pole of the horseshoe magnet, and as it is of 
opposite sign, and very close to it. the two poles will almost 
neutralise each other. Similarly, the south pole of the horse¬ 
shoe magnet IS practically neutralised by the north pole in- 
duced on the keeper. The system as a whole is therefore 

practically without any free poles, and the demagnetising 
force IS thus eliminated. ® 


<■ ee"e''ally kept in pairs; the north pole 

of each being placed close to the south pole of the other. 

Two keepers are required. The arrangement is shown in 
rig. a I 


CHAPTER II 

MAGNETIC MEASUREMENTS 


258 . Iiaw of Force between Ma^etic Poles.—We have 
seen that like poles repel and unlike poles attract each other. 
A few simple observations will be sufficient to show that the 
force between two poles, whether of attraction or repulsion, 
decreases very rapidly as the poles are moved farther apart. 
An ordinary bar magnet, for example, has a practically 
negli^ble effect on a compass needle a yard or more away 
from it. The force -with uuhich two magnetic foies attract or 
repel each other is inversely proportional to the square of the 
distance between them. This law was propounded by Coulomb, 
and is known as the Law of Inverse Squares. It must be 
nnderstood that although the mechanism by which one mag¬ 
netic pole exerts a force upon another may be obscure yet 
the force exerted is exactly the same in kind as the forces 
with which we have dealt in Mechanics. It can there¬ 
fore be measured by any means ordinarily employed for 
measuring forces if sufficiently sensitive. For example, the 
magnetic force can be balanced against the pull of a spring 
balance or against the attraction of gravity on a given weight 
and when measured the force between two magnetic poles 

'I'UL expressed in the usual unit of force—that is, on the 
e.G.S. system in dynes. 

The force also depends on the degree to which the magnets 
have been magnetised. A knitting needle which has been 
magnetised by several strokes from a bar magnet will affect a 
magnetic needle more strongly than one which has only been 
magnePse y a single stroke. The strength of the magnetic 
poles therefore differs in different magnets. 

A magnetic pole is said to be of unit strength if -when placed 
at unit distance (i cm.) in air from an equal and similar pole it 
repels it with a force of \ dyne, 

A magnetic pole is therefore said to have a strength of m 
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units if, when placed at unit distance from a unit pole, it 
repels it with a force of m. dynes. Thus if we have 
two magnetic poles of strength ot and respectively, 
separated in air by a distance d cms., the force exerted by 
either of the poles upon the other is given by 

Fss=__ dynes 

259 . Magnetic Fields.— Any space tn tvhick magnetic force is 
exerted is called a magnetic fields or field of magnetic force. 
Thus all the space around a magnet in which its force of 
attraction or repulsion can be experienced constitutes the field 
of the magnet. 

The strength of a magnetic field at any point is the force 
Tvhich Tvould be experienced by a unit magnetic pole placed at 
that point. 

The magnetic field at a point is said to be of unit strength if 
a unit magnetic pole placed at the given point mould be acted upon 
by a force of i dyne. This unit has been given a special name, 
and is known as a gauss. A magnetic field is, therefore, said 
to have a strength of H gauss (or H dynes per unit pole) if a 
unit pole placed in the field experiences a force equal to H 
dynes. It follows, therefore, that a pole of strength m placed 
in a field of strength H is acted upon by a force F, given by 

Fs=wH dynes 

The strength of a magnetic field is often spoken of simply as 
“ the field.” 

If the strength and direction of a magnetic field are the same 
at every point in it, the field is said to be uniform. 

260 . Magnetic Field due to the Earth.—We have already 
seen that a magnet suspended so as to be free to turn in a 
horizontal plane will set in a definite direction, and it can 
easily be shown that a definite force must be exerted to defiect 
the magnet from this direction. Thus, although the suspended 
magnet may be at a great distance from all other magnets, it 
is obviously in a field of magnetic force. We shall see later 
that this field is caused by the earth itself, which acts as a 
large magnet. The strength of the earth*s magnetic field 
varies from place to place on the earth’s surface, but it may be 
regarded as uniform over the area of a laboratory, or even over 
a large district. The horizontal component of Ais field, that 
is to say, the component of it which acts upon a magnet which 
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is free to turn only in a horizontal plane (like a compass needle, 
for example), has a strength in this country of about 0-18 gauss! 
That is to say, a unit magnetic pole would experience a force 
of 0-18 dyne in a horizontal direction. Magnetic fields are 
generally measured experimentally by a comparison with the 
field due to the earth. 

261 . EauaUty of the Poles of a Magnet_The opposite poles 

of a magnet are always of equal strength. If the magnet has 
more than two poles, the sum of the pole strengths of all the 
north poles is always numerically equal to the sum of the 
strengths of the south poles. This important result can be 

verified by a simple experiment. A 
^ ^ /t bar magnet is floated on a cork on 

I the surface of a large bowl of water. 
P It is therefore free to move in any 

direction over the surface. It will 
of course turn so as to bring its 
axis into the magnetic meridian, but 
y will show no tendency to move in 

any direction over the surface of the 
water. There is rotation, but no 
translation of the magnet as a whole. 

■s Now if m is the strength of the 

^ north pole of the magnet and m' 

Fig. 211.—Couple on a south, and H the 

Magnet in a Uniform Strength of the earth’s magnetic 

^**^*^- field, the mechanical force on the 

north pole is m . H towards the 
north, while that on the south pole is /rf . H towards the south. 
Hence the resultant force tending to move the magnet to 
the north is equal to w . H — m'. H. But, as we have seen, 
there is no resultant force on the magnet. Hence_ 

w . H — w' . H = o 


w= m' 


The two poles of a magnet are equal in strength, though opposite 
in character. 

262 . Couple on a Magnet in a Uniform Field._As we have 

just seen, the action of a uniform field on a magnet is one of 
rotation only—that is to say, it is a pure couple. Let ns (Fig. 
211) be a magnet with its magnetic axis inclined at an angle Q 
to the direction of the uniform field. Jim is the pole strength 
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of the magnet, and H the strength of the field, the mechanical 

force on each pole is m . H, These forces are parallel, since 

they both act in the direction of the field, but opposite, since 

the north pole tends to move in the opposite direction to the 
south. 

The strength of the couple is equal to . H x (the arm of 
the couple) (§ 52) _ ^ 


m 


np 


where np is drawn perpendicular to the direction of the field. 


m 

m 


H(«j . sin tf) 
H . 2/. sin d 


where 2/= magnetic length of the magneL 

Hence the couple on a magnet in a uniform field of strength 

H is given by ^ /tj • ^ 

C=s2w/H sm 6 


It is greatest when the magnet is at right angles to the field, 
and decreases to zero when the magnet is parallel to the field. 

Thus a magnet, if free to turn, will set itself parallel to the 
direction of the field. 

263 . Magnetic Moment of a Magnet.— Th^ product of the 
strength of either of the poles into the distance heiiveen them is 
known as the magnetic moment of the magnet. 

Thus M the magnetic moment of a magnet of pole strength 
m and magnetic length 2/ is given by 

M= 2W/ 

If we substitute this value in the equation above, we see that 
the couple on a magnet of magnetic moment M placed at an 
angle to a uniform field of strength H is given by 

MH sin & 


li the magnet is held at right angles to a field of unit 
strength H = i and sin Q— i, and the couple of the magnet is 
therefore equal to M. Hence—- 

27 ie magnetic moment of a magnet is the strength of the couple 
required to hold it at right angles to a field of unit strength. 

264 . Lines of Force.—A magnetic field is completely deter¬ 
mined if we know at every point in it the strength of the field 
and the direction in which it acts—that is to say, the magnitude 
of the force which would be experienced by a unit north pole 
at any point in it, and the direction In which the pole would 
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be^ to move. The direction of a magnetic field at different 

points in it can be best represented by a system of iines of 
magnetic force, 

A line of magnetic force is a line drawn so that its direction at 
any point is the direction of the magnetic force at that point. 

Thus if ABC (Fig. 212) is a portion of a line of force, the 
direction of the force experienced by a single pole placed at 
any point B on the line would be the direction of the curve at 
B—that IS to say, in the direction of the tangent drawn to the 
curve at B. If it were possible to have an isolated pole, then 
since the latter would move in the direction of the field it 
would, if placed at a point A on the curve, describe the curve 
ABC. Since the force on a north pole is always in the 
opposite direction to that on a south pole, the two poles would 



Fig. 212.—Diagram to illustrate a Line of Force, 


describe the curve in opposite directions. It is customary to 

place an a^ow on the curve to indicate the direction in which 
a north pole would move. 

It IS impossible to deal experimentally with isolated poles, 
buppo^, however, we have a small compass needle at the 
point B on the line of force. The north pole will be urged 
along the cu^e in the direction BC, while the south pole till 
be urged in the direction BA. The needle if free to turn will 
therefore set itself along the curve at B, as shown in the figure. 
This property can be used to determine the lines of force 
a magnetic field. Take a small compass needle anywhere 

m ^ come to rest. It will do so 

ZvI rh »"!? compass needle, and 

move the latter forwards until the south pole of the needle is 

ano^h needle has again come to rest, make 

another dot under the new position of the north pole, and 
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continue the process as far as may be desired. The line join¬ 
ing up this series of dots will obviously be a line of force in the 
magnetic field. By starting with the compass needle in differ¬ 
ent positions a series of such lines can be drawn and the whole 
field mapped out in the plane of the paper. (It must be 
remembered that, though it is usual to consider only the field 
in one plane, the magnetic field round a magnet is in three 
dimensions.) 

A magnetic field can also be mapped out roughly by 



sprinkling iron filings over a sheet of paper placed in the field. 
The filings will become magnetised by induction, and will then 
set themselves parallel to the lines of the field in exactly the 
same way as a compass needle. It was the little chains of 
iron filings obtained in this way that suggested the idea of lines 
of force to Faraday, to whom it is due. 

265 . Magnetic Field due to a Bar Magnet_Since a 

straight bar magnet is symmetrical about the magnetic axis, 
the field due to such a magnet must also be symmetrical 
about the axis. A north pole placed anywhere in the field 
would be attracted by the south pole of the magnet, and 
repelled by the north pole. It w’ould, if free to move, be 
urged from the north to the south pole of the magnet follow¬ 
ing out a line of force. The lines of force due to a bar magnet 
therefore run in curves from its north to its south magnetic 
pole. The field due to such a magnet is shown in Fig. 313. 
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If, however, we plot the field near a bar magnet in the way 
described in the previous section we shall not obtain a diagram 
like Fig. 213, and we shall also find that the diagram which we do 
obtain will depend very much on the position in which we place 
the magnet. It must be remembered that the earth possesses 
a magnetic field, and the actual field which we map is the 
resultant field obtained by superposing the field due to the 
magnet alone upon that of the earth. At points near the 
magnet the former is the more important, and the lines of 
force are similar to those already described, but are slightly 
distorted by the action of the earth’s field. At greater 
distances from the magnet the earth’s field (which is constant, 
while that of the magnet rapidly decreases with the distance) 



predominates, and the effect of the magnet ceases to be 
noticeable. 

The figures, 214 (a), (<&), and (c), show the resultant field 

when a bar magnet is placed (a) with its north pole pointing 

south, ( 3 ) with its north pole pointing north, and (c) with its 

magnetic axis pointing at right angles to the magnetic 
meridian. 

student is advised to familiarise himself with these 

diagrams, and to make clear to himself why the lines of force 
run as they do. 

266 . Determination of the Pole Strength of a Magnet from 
the Magnetic Field.—It will be noticed that in each of the 
diagrams there are certain points (two in each) which seem 
to be avoided by the lines of force. These are known as 
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neutral points. They are places where the magnetic field 
due to the magnet is exactly equal, and in the opposite 
direction to that of the earth. The resultant force upon a 
pole placed at that point would therefore be zero, and the 
pole would have no tendency to move in any direction. 
Similarly, a small compass needle placed at the point would 

have no resultant couple upon it, and would set in anv 
direction. ^ 

The simplest case is that of the diagram in Fig. 214a. 
Here the various forces acting on a north pole of strength ni at 
the neutral point are all in the same straight line. They are 
(a) the force Hm' due to the earth which tends to move a north 


pole placed at A in the direction AN, ( 3 ) the force due 

At* 

to the south pole s of the magnet tending to move the pole 
in the direction As, and (c) the force of the north pole 

n of the magnet tending to urge the pole in the direction nA 
Since the resultant of these three forces at A is zero, the first 
and third, which act in the same direction, must be equal and 
opposite to the remaining force. Hence we have 


wm 




mm' 
~As^ " 




The various distances can be .measured on the diagram 
obtained by mapping the field of the magnet when placed in 
this position, and the pole strength m of the magnet can be 
deduced. 

The pole strength of the magnet can also be obtained from 
the map of the field with the magnet in other positions. In 
these cases the three forces no longer act in the same straight 
line. Since, however, the three forces are in equilibrium at 
the neutral point, the resultant force due to the action of the 
two magnetic poles must be equal and opposite to the field 
of the earth. The problem can be solved by substituting 
the values of the forces, as above, and applying the triangle 
of forces (§ 27). 

267 . Calculation of the Field due to a Magnet._If the 

pole strength of the magnet is known, the field due to it at 
any point can be calculated. These calculations are specially 
useful in the case of two standard positions of the magnet. 
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known respectively as the “ end on ” and the “ broadside on " 
positions. 

I. “End on” Position. —A magnet is said to be in the 
end on position if the point under consideration lies on the 
prolongation of the magnetic axis of the magnet. 

Thus, let N, S (Fig. 215) represent the poles of a bar 
magnet, and P a point on NS produced. Let O be the 




Fio. 2IS.—Field due to a Magnet—“End on” Position. 


centre of the magnet, and let the length of the magnet NS be 
2/ so that ON = OS = 4 Let d be the distance of the point 
P from the centre of the magnet O. Then NP=(flr—/) and 
(^+ 0 - Consider a unit north pole placed at P. There 


will be a force upon it in the direction NP equal to — and a 




force of attraction due to the pole S acting in the direction 
PS and equal to where m is the pole strength of the 

magnet. Hence, the resultant magnetic force F experienced 
by a unit north pole placed at P is given by 


ij._ m m 

_ m _ m 

~ {d^lf (^+/)8 

_ ^mdl 

_ 2^r^3r 

— / 2)2 

where M is the magnetic moment of the magnet. 

2. “Broadside on” Position.—A line drawn through the 
centre O of a magnet at right angles to the axis is known 
aa the magnetic equator. The magnet is said to be “ broad- 
side on to any point lying on its magnetic equator. For 
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example, the magnet NS (Fig. zi6) is “broadside on” to 
the point Q. 

The forces on a unit pole placed at Q are (a) a repulsion in 
the direction NQ equal to ^ attraction along QS 

equal to By the geometry of the figure NQ=SQ,and 

the two forces are equal in magnitude. Their resultant, there¬ 
fore, is parallel to NS, that is, in the direction QF, and its 
magnitude can be found by the parallelogram of forces. It 
can be shown that if, as 
before, the length of the 
magnet 2/, and the 
distance OQ of the point 
Q from the centre of the 
magnet is dy then the field 
at Q in the “ broadside 
on ” position is given by 

p._ _ M 

” {d^ H- P) f~ 

where M is the magnetic 
moment of the magnet. 

268 . Approximate For¬ 
mulae.—It frequently hap¬ 
pens in magnetic experi¬ 
ments that the distance of 
the point which we are 

considering from the centre of the magnet is large compared 
with the length of the magnet itself. Under these circumstances 
/ is small compared with dy and hence P is very small com¬ 
pared with iP. For instance, if d is 10/(the length of 

the magnet), then /« will be only -r^th of d\ and may be 
neglected in comparison with it without causing an error of 
more than 2 per cent. The above formulae can then be 
considerably simplified. Thus, if the distance of the point 
from the centre of the magnet is large compared with the 
length of the magnet, we have for the 

** End on ” position — 

F= 



Kig. 216.— Field due to a Magnet 
** Broadside on Position. 


d^ 
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“ Sroftdside on ** position 


Fas 


M 

d* 


It will be noticed that the field at a given distance from the 
magnet is exactly twice as great in the »end on ” as in the 

“ broadside on ” position. 

269 , The Magnetometer. — A small 
magnetic needle sets itself, as we 
have seen, with its axis parallel to 
p the resultant field acting on it. Sup¬ 
pose now that a small compass needle 
ns (Fig. 217) is acted upon by two 
magnetic fields at right angles to each 
other and of intensity H and F re- 
—Principle of spectively. Suppose the needle comes 

rest making an angle 6 with the 
direction of the field H, then since 



the Magnetometer* 


ns produced is the direction of the resultant of H and F we 
have, by the parallelogram of forces, 

F 

jj = tan^ 

F = H tan d 

Wh^ the field F is not acting, the needle sets parallel to 
H. Thus $ is the angle through which the needle is 
deflected by the introduction of the field F. If this deflexion 



Fig, 2i8,^“The Magnetometer* 


can be measured and if H is known, the field F can 
be determined. The experiment is carried out with an 
instrument known as the magnetometer. 

The magnetometer in its simplest form consists of a small 
magnetic needle ns (Fig. 218) carrying a long light aluminium 
pointer P which moves over a circular scale graduated in 
degrees. The needle is supported on a steel point at the 
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centre of scale so as to turn freely in the horizontal plane 
In the absence of other magnets the needle sets in the 
magnetic meridian under the action of the earth's magnetic 
field H. The pointer is then at right angles to the meridian 
—that IS, approximately east and west. 

The instrument is usually mounted on two wooden arms 
fitted with boxwood scales, the zeros of which are at the 
centre of the needle. The reading on the scale thus gives 
the distance from the centre of the needle. The instrument 

to the meridian. 

270 . To determine the Magnetic Moment of a Magnet by 
the Magnetometer.—The magnetometer is set with its arms 
at right angles to the needle, that is, parallel to the pointer, 
and the magnet is placed with its axis along one arm and its 
centre at some suitable distance ^ (say 15 cms. or 20 cms.) 
from the centre of the circular scale. The deflection Q is 
measured, both ends of the pointer being read to avoid error 

centring of the point of support. It is 
desirable, m order to ensure an accurate result, to reverse the 
magnet after reading the deflexion so that the north pole 
occupies the position originally occupied by the south This 
ehmmates the error which might arise from the poles of the 
magnet 1^ being at equal distances from its geometrical 
centre. The new deflexion is measured, and the experiments 
are then repeated at the same distance from the needle, but 
on the other arm of the magnetometer. This procedure 
eliminates the error which might arise if the zero reading of 
the two scales should happen not to coincide exactly with the 
centre of the magnetometer needle. The mean of these 
eight readings is taken as the true reading. 

magnet at the centre of the 

needle, then we have as above 

F = H tan 0 

But since the magnet is “ end on ” to the magnetic needle, 
we have also tv/t 

F^2M 

using the approximate formula of § 268. Hence the magnetic 
moment of the magnet is given by 

2 M 

■^3 == M tan 0 
M = tan ^ 
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The readings may be repeated at different distances from the 
needle. The value of M will be found to be constant within 
the limits of experimental error. As the formula was deduced 
on the assumption of the law of inverse squares, the constancy 
of the value obtained for M affords a proof of the accuracy 
of the law. 

To compare the magnetic moments of two magnets, they 
may be placed in turn on the magnetometer with their centres 
at the same distance from the needle. If are the 

deflexions produced, and M, M' the magnetic moments of 

the magnets, then, since H and d are the 
same in both cases, we have, from the equa¬ 
tion above, 

M tan ^ 

M' tan ^ 

271 . Time of Vibration of a Magnet in a 
Uniform Field.—If a magnet is suspended 
so that it can turn freely in a magnetic 
field, and is displaced through a small angle 
from its equilibrium position, it will be found 
to vibrate for some time about its position 
of equilibrium before coming to rest. These 
vibrations are isochronous—that is to say, 
each complete vibration takes exactly the same 
time. The time of one complete vibration 

—The of the magnet is given by the formula 

Vibration Mag- 1 _ 

netometer. rr» / K 

T = 2AT. /- 

V M . H 

where T is the time of vibration, M the magnetic moment of 

toe magnet, H the strength of the field, and K a constant 

ependmg on the mass and shape of the magnet, and known 

as Its moment of inertia. It can be calculated for regular 
solids. ^ 

A small magnetic needle suspended by a fine thread of 
unspun silk, and weighted (to increase the time of vibration), 
can e used for the comparison of magnetic fields, and is 
known as the vibration magnetometer. A simple form is 
shown in Fig. 2x9. 

Let Tj be the time of vibration in a magnetic field of 
s rengt H^, and Tg that in a field of strength The time 

o one vibration can be obtained accurately by finding with a 
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stop-watch the time taken 
50 complete vibrations, and 
number of swings. Then 


by the needle in making, 
dividing the time taken by the 




K 


MH 


K 


MHg 


a 


T* 2 

^ g 

T* 2 
■^1 


If we wish to measure the field due to a magnet at a 
gwen distance d from its centre, we must first find the time 
of swmg m the earth^s field H alone. Let it be T Then 
place the magnet so that its field at the magnetometer needle 
IS parallel to that of the earth and acts in the same direction. 

hen if F is the field due to the magnet alone, the resultant 
held on the magnetometer needle is F+H: and if To is the 
corresponding time of swing (which will be less than before) 
we have, substituting in the equation above. 


H Tq^ 

H + F Ti* 

••• 

If the magnet has been arranged so that F is its field in 

standard positions, its magnetic moment can 
be deduced from the formul® in § 267. 


EXAMPLES. 

1. What force is exerted upon a magnetic pole of strength 

10 units by a pole of strength 36 units at a distance of 
6 cms. from it ? 

2. Two equal magnetic poles are found to repel each 
other with a force of 16 dynes when placed 2 cms. apart. 
What is the pole strength ? 

3* A magnet of magnetic moment 1000 lies in a field 
of intensity o*r8 gauss. What couple will be required to 
keep It at an angle of 30“ to the direction of the field ? 

4. Calculate the field due to a bar magnet of moment 
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2000 at a point on its axis produced at a distance of 40 cms. 

from the centre of the magnet, using the approximate 
formula. 

5. A bar magnet placed in the " end on ” position produces 

a deflexion of 15 in the needle of a magnetometer when the 
distance between their centres is 30 cms. What is its 
moment ? If the distance between the poles of the magnet 
is 6 cms., what is the pole strength ? (H=o-i8 gauss.) 

6. Two short bar magnets are placed in turn with their 
centres 40 cms. distant from the needle of a magnetometer. 

If the deflexions are respectively 15® and 20®, compare their 
moments. 

7. Two short bar magnets produce the same deflexion on 
a magnetometer needle when their centres are respectively 
20 and 30 cms. distant from the needle. What is the ratio 
of their magnetic moments ? 

8. A bar magnet 18 cms. long is placed in the meridian 
with Its N-pole pointing south, and a neutral point is found 
30 cms. to the south of the centre of the magnet. If the 
horizontal component of the earth's field is o*i8 gauss, 
calculate the pole strength of the magnet. 

9. A long bar magnet is placed with its N-poIe 10 cms. to 
the south of a small magnetic needle, and the needle is 
found to make 50 vibrations in 40 seconds. When vibrating 
m the earth’s field (o-i8 gauss) alone the needle makes 

seconds. Assuming that the S-pole 
of the magnet is so far away that its effect may be neglected, 
calculate the strength of the N-pole of the magnet. 


CHAPTER III 

terrestrial magnetism 


272 . Magnetic Declination.—We have already seen that a 
compass needle at a distance from other magnets sets in a 
definite direction, to which it returns if displaced. This 
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Fig. 220.—Lines of Equal Declination. 

(From Sir J. J. Thomson’s EUctHcity and 

shows that the needle is in a field of magnetic force, which 
can only be ascribed to the earth itself. The direction of the 
compass needle, which is approximately north and south, 
IS known as magnetic north and south. The direction of the 
axis of the compass needle is the magnetic meridian at the 
place The angle between the magnetic north and south 
and the geographical north and south, that is to say, the 
angle between the magnetic and the geographical meridians, 

4*4 
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is known as the declination. The declination varies from 
place to place on the surface of the earth. At present in 
this country the compass needle points about 17® to the west 
of the geographical north ; the declination is thus about 17® 
W. The declination decreases as we pass farther east until 
along a line running approximately north and south, through 
Finland and Asia Minor, the declination is zero—that is to 
say, the geographical meridian and the magnetic meridian 
coincide. The line joining points where there is no declination 
is known as the agonic line. At points to the east of this line 
the declination is to the east. 



_Fig. 221.—Lines of Equal Dip. 
(From Sir J. J. Thomson’s £^eiricity and 


for important to mariners who use the compass 

for the purpose of setting their course to know the eLct 
direction of the geographical meridian with respect to the 
compass needle, maps are constructed on which lines are 

iBogona s .the same. These lines are known as 

hafthei'so.r, ^ 220. It will be seen 

addidon to fh * somewhat irregular in distribution. In 

one ruL,nl^?K already mentioned, there is a second 

forme 1 ^ hrough the American continent, while a third 

'„°3, '"“I 'll'-"- Th.. „ „ u.; 
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The dechnatioD is not constant, but varies steadily from 

year to year. At present the declination in this country 
IS decreasmg. ^ 

273 . Magnetic Dip.—A compass needle is only free to turn 
in a horizontal plane, and therefore only responds to the 
horizontal component of the earth’s magnetic field. Suppose 
now we suspend a bar of steel by a fine thread from its 
centre of gravity. It will be in equUibrium as far as gravi¬ 
tational forces are concerned, and will rest in any position. 
Let us now magnetise the bar and suspend it from the same 
point. It will be found that not only does the bar turn 
round so as to point in a northerly direction, but its north 
pole dips downwards towards the earth, the axis of the 
magnet making a very considerable angle (about 69° in this 
country) with the horizontal. The total field due to the 

earth is therefore inclined to the horizontal at a considerable 
angle. 

The angle between the direction of the earth's field and the 
horizontal is known as the angle of dip, or the inclination. 

The inclination or dip varies from place to place on the 

earth’s surface. At a point in Nova Zembla the dip is 90* 

—that IS, the needle points vertically downwards. As we pass 

farther south the dip gradually decreases, until at places 

near the Equator the needle sets horizontally, and the dip is 

zero. A line drawn^ joining up the places on the earth’s 

surface where the dip is zero is known as the magnetic 

equator. It corresponds roughly with the geographical 

equator. On passing to the south of the Equator the needle 

agmn begins to dip, but this time it is the south pole which 

points downwards. This southerly dip increases until it 

reaches 90'’ at a point in the Antarctic Circle. Lines drawn on 

a map joining up places of equal dip are known as isoclinalfi 

(Fig. 221). They are roughly parallel to the geographical lines 
of latitude. 

274 . The Earth as a Magnet.—The results we have been 
considering indicate that the earth behaves like a magnet. 

If we suppose that the magnetic state of the earth r-an be 
represented by a bar magnet beneath its surface, we are able 
to account in a general way for the phenomena observed. It 
is obvious that since the north pole of a compass needle is 
attracted towards the north, that the northern end of this big 
magnet must be a south pole, and the southern end a north 



Fig. 222.—The Earth as 
a Magnet. 
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pole, as marked in Fig. 222. If we draw the lines of fore® 
due to such a magnet, then, remembering that a magnetised 

needle free to move in any 
direction sets along the 
lines of force, we see that 
such a needle would point 
vertically downwards at a 
point immediately above 
} the northern end of the 
' magnet, and that the dip 
would gradually decrease 
until on the magnetic 
equator of the magnet the 
needle would be parallel 
to the surface of the earth, 
and the dip consequently 
South of the Equator the 
pole of the needle would 
to dip, the dip increasing 
until a point was reached immedi- 
. ^ ately above the southern end of 

the magnet. The main phenomena of the dipping needle 
are thus reproduced. 

The magnetic axis of the earth makes an angle of about 
17 with the axis of rotation of the 
earth. As it cuts the surface in Nova 
Zambia, to the west of England it is 
evident that the compass needle which 
sets along the lines of force will point 
in this country to the west of the 
true geographical north. 

The values of the various magnetic 
constants are not constant, but vary 
gradually from year to year. This 
seems to be due to a gradual rotation 
of the magnetic axis of the earth about 

the geographical axis, a complete Fig. 223.—Diagram to illus- 
rotation occupying about 960 years Components of the 

The cause of this rotation is unknown’ 

275 . The Intensity of the Earth’s Field._The earth’s 

to°"hr‘irth if °th ^ ‘he total field due 

to the earth. If the pUne of the paper in Fig. 223 is the 
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plane of the magnetic meridian, and if AC represents the 
direction of the total held due to the earth, and AB the 
horizontal, then the angle BAG is the angle of dip 3 , and it is 

evident that the horizontal component of the total field F is 
given by 

H s=s F cos 3 


Thus, if H and 3 are known, we can calculate F. 

The horizontal component of the earth’s field requires two 
experiments for its determination, which are both made with 
the same magnet. In the first experiment this magnet is 
used to deflect the needle of an ordinary magnetometer. 
Then, as before (§ 270), we have 

M = ^if®H tan 0 

M 

= tan 0 

TX 


where M is the magnetic moment of the magnet and H the 
horizontal component of the earth’s magnetic field. This 

experiment gives us the ratio 

H 

The same magnet is then suspended by a silk fibre so as 
to turn freely in a horizontal plane. The time T of vibration 
in the earth’s horizontal field is then taken. Then (§ 271) 



MH = ±^ 

T* 


We have thus a value for MH. The moment of inertia 
L of the magnet can be calculated from its mass and dimen¬ 
sions. By dividing the second of these equations by the first 
a value for is obuined, and H can thus be calculated. 

The value of H increases from the north magnetic pole, 
where it is of course zero, to the Equator, where its value is 
about o’35 gauss. In this country its value is about o‘i8 
gauss. 

276 . Measurement of the Dip.—The angle of dip is deter¬ 
mined by means of a special instrument known as a dip circle 
(Fig. 224). A long magnetised needle is suspended from a 
steel axis, driven through it exactly at its centre of gravity. 
The needle is supported on agate bearings at the centre of a 
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vertical graduated circle. The circle is turned until it is in 

the magnetic meridian, and the needle is thus free to turn 

in the vertical plane containing the magnetic meridian. It 

therefore sets itself along the Unes of the earth’s total magnetic 

-leld. The angle made by the axis of the needle with the 
horizontal is the angle of dip. 

The simple form of dip circle illustrated in Fig. 224 shows 

the pnnciple of the dip circle, but a much more elaborate 

instrument is required if the dip is to be determined with 
accuracy. 

As we have seen, when H and 3 are known the total intensity 

F of the earth's magnetic field 
is given by H = F cos d. The 
value of F in this country is 
about 0*48 gauss. 

277 . Magnetisation by the 
Earth's Field.—If a long steel 
bar is held roughly in the direc¬ 
tion of the earth's magnetic 
field (that is, parallel to the dip 
needle), and struck a few times 
with a hammer, it will be found 
to have become magnetised 
by the induction of the earth’s 
magnetic field. The end point¬ 
ing towards the north will be a 
nor/^ pole, since the pole of 
pointing has a south polarity 
-■ ’ ’ ■ Modern 



Fig. 224.— Simple Dip Circle, 


IS 


'mportant practical bearings. ivioaern 

Tagnlbsm^i T''® produces permanent 

fo7 bv IK compass if it were not compensated 

box in such ® permanent magnets round the compass 

stetlTr^erf of the ship"^ Thl 

a similar wa buildings become magnetised in 

macnc t fi considerable effect on the 

magnetic field wrthin the building. 
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EXAMINATION QUESTIONS.—XIV 

1. Give a short account of the most important properties 
of a magnet. 

2. What is meant by the strength of a magnetic pole? 
How would you show that the poles of a bar magnet were 
equal in strength but opposite in sign ? 

3. Describe in detail how you would magnetise a given 
knitting needle. How would you prove that the needle had 
become magnetised ? 

4. What is the molecular theory of magnetism ? Describe 
experiments in support of it. 

5. What is the magnetic moment of a magnet? How 
would you compare the magnetic moments of two magnets ? 

6. How is the strength of a magnetic field defined ? 
Describe an instrument for comparing the strengths of two 
magnetic fields, and explain how it can be used for comparing 
the field strengths at different distances along the axis pro¬ 
duced of a bar magnet. 

7. A short magnet is placed in a horizontal plane with its 
axis in the meridian and its north-seeking pole pointing south. 
It is found that at a point on the axis 20 cms. to the south of 
its mid-point the resultant field is zero. If the horizontal 
component of the earth’s magnetic field is 0*20 dyne per 
unit pole (gauss), what is the magnetic moment of the 
magnet ? 

8. Explain what is meant by a line of force. Why do 
lines of force never cross ? Draw a diagram of the lines of 
force near a bar magnet placed in the magnetic meridian with 
its north pole pointing south. 

9. Sketch the general form of the lines of force due to a 
bar magnet, and point out how the actual form of the lines is 
modified by the earth’s magnetic field when the magnet is 
placed in an east and west position. 

10. What reasons are there for stating that the earth is 
magnetised ? State what you know of the distribution of this 
magnetism. 

11. What is meant by magnetic dip? Give a general 
account of the way in which the dip varies over the surface of 
the earth. 
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12. Describe a vibration magnetometer, and explain how 
it is used to compare the strengths of two magnetic fields. 
A magnetic needle makes one complete oscillation in four 
seconds at a place in England where the value of H is 0-20 
gauss. What will be the value of H at a station where the 
same needle makes one oscillation in three seconds ? 



CHAPTER IV 


ELECTRICAL CHARGES—ELECTRIC 

INDUCTION 

278 . Electrical Attractions,—If a stick of ebonite or seal¬ 
ing-wax is rubbed with flannel it is found to attract small 
pieces of paper, feathers, pith balls, and other similar light 
objects. The rod is said to have become electrified, or to have 
acquired a charge of electricity. The attraction of the rod for 
the paper is called electrical attraction, and is said to be due 
to the presence on the rod of a charge of electricity. The 
property is not confined to ebonite and sealing-wax. Under 
proper conditions any body can be electrified by friction with 
a suitable rubber. 

279 . Two Kinds of Electrification_If an ebonite rod is 

electrified by friction and suspended horizontally by a silk 
thread so as to be free to turn, and if a second ebonite rod 
electrified in the same way is brought near one end of the 
first, it will be found that the two rods repel each other, the 
suspended rod turning away from the other. If, however, a 
glass rod is rubbed with silk and brought near the end of the 
suspended charged ebonite rod, it will be seen that the ebonite 
is attracted by the charge on the glass. There are thus two 
kinds of electricity, as there are two kinds of magnetic poles. 

Like electrical charges repel; unlike electrical charges attract 
each other. 

The law is thus the same as for magnetic poles. 

The kind of electricity excited on a glass rod when rubbed 
with silk was called vitreous electricity, while that excited on 
ebonite or sealing-wax by flannel was termed resinous. These 
names are obsolete. It was found that if equal charges of 
vitreous and resinous electricity were transferred to the same 
body, the body showed no signs of any electrification. The 
two electricities exactly neutralised each other, and the result- 
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mg charge was zero. Hence, by analogy with the mathe- 

mati^l symbols plus and minus, the two electricities were 

called J>osttive and negative respectively, since the addition of 

two equal but opposite charges produces a zero charge, just as 

the sum of two equal positive and negative numbers is 

zero. The vitreous electricity is termed positive ( + ) and the 

resinous, negative (-). The choice was perfectly arbitrary. 

Charges of like sign repel each other, charges of unlike 

sign attract each other. Charges of either sign will attract 
uncharged objects. 

280 . Conductors and Insulators.—If a brass rod is held in 
the hand and rubbed with flannel, it will show no signs of 
electrification. If, however, the brass rod is fitted with an 
ebonite handle by which it can be held, so that no part of 
the hand comes in contact with the brass, the brass rod be¬ 
comes strongly electrified when rubbed with the flannel. The 
cause of this is not far to seek. Let us touch the brass rod 
while so electrified, with the hand. The charge at once dis¬ 
appears. Similarly, if we touch the brass rod with a piece of 
metal of any kind, a damp cloth, or a stick of charcoal, the 
charge at once disappears. If, however, we touch the charged 
rod with ebonite, sulphur, wax, or diy silk, the rod remains 
charged. Thus substances may be divided into two classes 
according as they do or do not permit electricity to escape 
through them. Substances which allow the electricity to pass 
through them are called conductors; those which prevent its 
passage, or allow it to pass only very slowly through them 
are termed non-conductors, or, more usually, insulators. All 
metals, charcoal, water, the human body, etc., are conductors : 
sulphur, ebonite, dry glass, rubber, wax, shellac, etc., are in¬ 
sulators. It IS obvious that the air is also an insulator, since 

by air does not immediately lose its charge, 
ihe difference between insulators and conductors, although 
often very marked, is only one of degree. The best con- 
ductors offer some resistance to the passage of the electricity. 

thern skwl insulators allow electricity to pass through 


^ insulated if it is completely surrounded 

the air is a very good insulator, a 
msulated if it is supported on a plate of non- 
uc ing material or fixed on a non-conducting stem, as in 
me case of the brass rod already considered. Sulphur is one 
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of the best insulators known, but has the disadvantage of 
being brittle. Ebonite, if its surface is clean, is very efficient 
and convenient. The glass stems covered with varnish, 
commonly used in the older electrical apparatus, were very 
unsatisfactory owing to the tendency for a conducting film of 
moisture to form on the surface. 

A body which is connected to the ground by a conductor 
is said to be earih-connected^ or earthed. The earth, the con¬ 
ducting wire, and the body then form part of one continuous 
conductor, over the whole of which the electrical charge on 
the body can spread. Since the earth is very large com¬ 
pared with the electrified body, the fraction of the original 
charge which remains on the body after earthing is infinitesimal. 
Practically the whole charge flows to 
earth, along the conducting path, and 
the body is discharged, 

A body can be efficiently earthed by 
connecting it to the water-pipes by 
means of a conducting wire. For most 
purposes the body can be sufficiently 
well earthed by touching it with the 
hand, the human body being a con¬ 
ductor of electricity. 

Thus, when a brass rod held in the 
hand is rubbed, the electricity generated 
on it passes immediately through the 
hand to the earth, and for this reason 
the rod appears uncharged when tested. 



Fig. 225.—The Gold- 
Leaf Electroscope. 


To obtain a charge on a conductor by rubbing, it is necessary 
to hold it by an insulating support. 

281 . Electroscopes.—An instrument for detecting electrical 
charges is called an electroscope. Thus the suspended 
charged ebonite rod of § 279 is a simple but inconvenient 
form of electroscope. 

The gold-leaf electroscope is a more convenient instrument. 
A brass rod A (Fig. 225) passes through an insulating stopper B 
(preferably of sulphur or ebonite) into a box C, the front and 
back of which are made of glass so that the interior can 
be observed. The sides of the box are lined with tinfoil, 
which should be earth-connected (the laboratory bench will 
generally be a good enough connector). Two strips of gold leaf 
d^ d are mounted at the lower end of the rod, and hang down 
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side by side when the rod is uncharged. If a charge is given 
to the upper surface of the rod (which usually takes the form 
of a flat brass plate or a brass knob), the charge spreads to all 
parts of the rod and the gold leaves. The latter, therefore, 
being similarly charged, repel each other and stand apart as 
shown in the figure, the magnitude of the divergence being a 
rough measure of the strength of the charge on the leaves. 
The instrument can thus be used for detecting electrical 
charges. 



Fig. 226.—Proof Plane. 


If we charge an electroscope by rubbing the upper plate 
with a charged ebonite rod, the charge on the electroscope 
will be of the same sign as that on the rod—that is, negative. 
If another negatively charged rod is now brought near the cap 
of the electroscope, the leaves will diverge still more. If, 

however, a positively charged body 
a rubbed glass rod) is brought 
near the cap the leaves will collapse. 
An electroscope can thus be used to 
determine not merely the presence 
but also the sign of an electrical 
charge. If the electroscope is 
charged negatively, an increase in 
the divergence of the leaves indi¬ 
cates the presence of a negative 
charge; if it is positively charged, an increase in the divergence 
indicates the presence of a positive charge. 

A collapse of the leaves may, as we have seen, indicate 
the presence of a charge of opposite sign to that on the 
instrument, l>ut ts not in itself conclusive. If an earth-con¬ 
nected conductor is brought near the cap of an electro¬ 
scope charged with either sign, it will be found that the 
leaves collapse. The only sure test for the presence of a charge 
of given sign is to obtain an increase in the divergence of the 
leaves of a suitably charged electroscope. 

A body may be too highly charged to be brought near an 
electroscope with safety, or it may be of such a size as to be 
inconvenient to move. In this case a proof plane may be 
used. A proof plane consists of a conducting metal disk 
(Fig. 226) mounted on an insulating handle. The disk is 
placed in contact with the body whose electrification is to be 
tested, and takes some of its charge. The proof plane is 
then brought near the electroscope, and the sign of its charge 
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tested in the usual way. This wUl be the sign of the charee 
on the body. ® 

282. Electrical Induction,—A body, as we have seen, may 
become electnaed by actual contact with another electrified 
body. In this case the charge is shared between the two 
bodies, the charge gained by the one body being lost by the 
other. This may be termed electrification by conduction 
It is possible, however, to obtain a charge on a conductor, by 
the action of another charged body, without the latter losing 
any of its charge. Suppose an insulated positively charged 
sphere A is brought near one end of an insulated elongated 
conductor such as BC (Fig. 227 ), it will be found that the 

end B nearest the positive charge A acquires a negative 
charge, while the end 

C becomes positively 
charged. These 
statements can read¬ 
ily be tested by 
means of an electro¬ 
scope and proof 
plane. If, without 
touching BC, the 
charge A is with¬ 
drawn, BC will be 
found to be un¬ 
charged. 

These results are 
conveniently ex¬ 
plained by assuming 

that an uncharged conductor contains indefinitely large but equal 
charges of positive and negative electricity. Since the charges 
are equal and opposite they neutralise each other, and the con¬ 
ductor as a whole has no electrical action. When, however, 
the charged body A is brought near one end of the conductor’ 
it attracts the negative charge within the conductor and repels 
the positive, and, as the charges are free to move, the end B 
becomes negatively and the end C positively charged. This 
process is known as induction, and may be compared with 
magnetic induction. 


4- 



F3g. 227.— Experiment to illustrate 
Electrical Induction. 


Phus, if a charge of electricity is brought near an insulated 
conductor, a charge of electricity of opposite sign will be 
induced on those portions near the inducing charge, while the 
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portions farther away will become charged with electricity of 
the same sign as the inducing charge. 

These induced charges disappear when the inducing charge 
is removed, providing that the conductor remains insulated 
throughout the experiment. It follows, therefore, that the 
induced charges were opposite in sign but equal in amount. 
Suppose, however, that while the charge A is in position, 
the conductor BC is earthed, by touching it with the finger. 
The earth and BC now form part of one big conductor. 
The negative charge is again induced on the portion B of 
this conductor near A, while the positive charge is induced 
on the portions most remote—that is, on the earth itself. 
If the earth connection is now broken (without removing A) 
the negative charge on BC is separated from the positive 
charge which has gone to earth. The two charges, there- 



Fig. 228.—Charging an Electroscope by Induction* 


fore, can no longer recombine when A is withdrawn. The 
conductor BC is thus left with a permanent negative charge, 
which has been produced by induction without any decrease 
in the positive charge on A. 

The process of induction is the most convenient way of 
charging an electroscope. Bring up near the cap of the 
electroscope a negatively charged rod. I'he leaves diverge with 
negative electricity, while the cap which is nearer the inducing 
charge becomes positively charged. While the rod is near 
the electroscope touch the cap of the electroscope with the 
finger for a moment. The leaves collapse since the charge 
upon them now goes to earth. Withdraw the finger, 
leaving the electroscope insulated, and then withdraw the 
charged rod. The electroscope will be left with a charge of 
opposite sign to that of the rod. These operations are in¬ 
dicated diagrammatically in Fig. 228. Thus, to charge an 
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electroscope positively by induction, we use an ebonite rod j 
while to charge it negatively by induction we use a rubbed 
glass rod. 

283 . Faraday’s Ice-Fail Experiments.—The process of 
electrostatic induction was investigated by Faraday. Let us 
stand a tall tin can (Fig. 2*9) on the cap of our electro¬ 
scope, which we will suppose to be discharged. In Faraday's 
original experiments an ice pail was used—hence the name of 
the experiment. 

1. Introduce inside the can an insulated metal ball carrying, 
say, a positive charge. The leaves of the electroscope will 
diverge with a charge which can be shown to 
be positive by bringing a positively charged rod 
near the cap of the electroscope. Move the ball 
about in the can without touching the sides. 

The divergence of the leaves remains the same. 

Withdraw the ball without touching the can. 

The leaves collapse. On testing the ball it will be 
found to have retained its charge. The positive 
charge on the ball induces a negative charge 
on the inner walls of the vessel and a positive 
charge on the outer wall which charges the gold 
leaves. These results were to be expected from 
our previous experiment. We learn, however, 
further that when the inducing charge is practi¬ 
cally completely surrounded by a metal vessel 
(as in the present experiments) the magnitude 
of the induced charge is independent of the 
position of the ball within the vessel. 

2. Introduce the charged metal ball as 
before, and while it is still in the can, earth Experiment.^ 
the can for a moment by touching it with the 
finger. The leaves collapse. On withdrawing the ball the 
leaves diverge again to exactly the same extent as before, 
but this time the sign of the charge is negative. The 
positive charge has passed to earth, leaving only the induced 
negative charge on the can. Since the divergence on with¬ 
drawing the ball is the same as before, the negative induced 
charge is exactly equal to the positive induced charge. 

3. Discharge the electroscope, and again introduce the 
positive charged ball. Now allow it to touch the sides of the 
can. The divergence of the leaves is quite unaffected by the 
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contact. On withdrawing the ball the leaves still retain their 
divergence, but on testing the ball it will be found to be com¬ 
pletely discharged. The positive charge on the ball has been 
exactly neutralised by the negative induced charge on the walls 
of the can. Hence we have this important result : 

If a charge is introduced into the interior of a closed conducting 
vessel^ the induced charges are equal in magnitude to the inducing 
charge. 

In the case of a conductor which does not surround the 


inducing charge, the induced charge upon the conductor will 
be less than the inducing charge. A few experiments on 

charging an electroscope by induction will 



Fig. 230. —Attraction 
of an Uncharged 
Body. 


show that the induced charge produced on 
the leaves becomes greater the closer the 
inducing rod is held to the electroscope. 
This, however, is not a contradiction of 
the law. The total charge induced by 
the electrified rod is equal to the charge 
upon the rod itself, but it is not all con¬ 
centrated on the electroscope. Charges 
are induced by the rod on all neighbouring 
conductors, e.g.y on the walls, ceiling, and 
floor of the room. If we could collect 
all these induced charges we should find 
that they were equal to the charge on the 
rod. If the rod is brought nearer to the 
electroscope a greater amount of the charge 
is induced on the latter and less on other 
conductors. Hence the increased diver¬ 


gence of the leaves. 

284. Attraction of Uncharged Bodies.—The attraction of 


uncharged bodies by an electric charge is an induction effect. 
Consider a small pith ball A (Fig. 230) near a negatively 
charged rod B. The negative charge on B induces a positive 
charge on the side of the ball nearest the rod, and a negative 
charge on the farther side. These charges are equal in 
magnitude, but since the positive charge is nearer to the rod 
than the negative, the force of attraction between the negative 
and positive charges is greater than the force of repulsion 
between the two negative charges, and the ball is attracted to 
the rod. The action is therefore similar to the attraction of a 


piece of unmagnetised iron by a magnet (§ 254). 
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285 . The Charge on a Conductor lies on the Surface.— 
Electrify a hollow metal cylinder (one of the tall cans used in 
the ice-pail experiments will do) as strongly as possible, and 
test the electrical condition of the different parts by means of 
a proof plane and electroscope. It will be found that a charge 
can be collected by the plane from all parts of the outer surface 
of the can, but that when the inside of the can is tested by the 
plane no charge at all is carried away by it. The charge 
resides entirely on the outer surface. 

This fact was demonstrated by Faraday in a rather interest¬ 
ing way. He made a box sufficiently large to contain himself 
and his electrical measuring instruments. The box was made 
conducting by covering its surface completely with copper wire 
and tinfoil, and was insulated from the ground by glass stands. 
Faraday entered the box, which was then charged by a large 
electrical machine so that sparks of considerable length could 
be taken from any part of its surface. In the interior, how¬ 
ever, not the slightest electrical effect could be detected, and 
the sensitive electroscopes inside the box were quite un¬ 
disturbed by the great electrical forces without. The whole 
of the electrical effect was confined to the exterior of the box. 
The statement that there is no charge on the inner surface of 
a closed conductor is only true if there are no charged bodies 
inside it, which are insulated from it Thus, as we have seen, 
when a positively charged ball is held inside a tall metal can 
there is an induced negative charge on the inner walls of the 
can. If, however, the ball is placed in contact with the inner 
surface of the can so that the two form part of the same con¬ 
ductor, it will be found on taking it out, that it is completely 
discharged ; the whole of the charge having passed from it to 
the outer surface of the can. 

286 . Distribution of Charge on the Surface of a Con¬ 

ductor.—If an insulated pear-shaped conductor (Fig. 2^1 a) 
is charged, and the state of electrification tested in the usual 
way with a proof plane, it will be found that the plane collects 
a greater charge from the pointed end A than from the broad 
end B. amount of charge on unit area of a surface is 

known as the surface density of electrification. Thus the surface 
density is greater at the sharp end A than at the broad end B. 
We may represent the surface density on a conductor by 
drawing dotted lines round it so that the distance of the 
dotted line from the conductor at every point is proportional 
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to the surface density at that point. It is found that the 
surface density becomes very great at places where the 




Fig. 231.— Diagram to show Distribution of a Charge on the 

Surface of a Conductor. 

curvature of the surface is large—for example, at the point A 
of the conductor AB, at the edge of a flat disk (Fig. 231^), 

and above all at a 
sharp point. The 
density at a sharp 
point becomes so 
great that it breaks 
down the insulation 
of the air around it, 
and so allows the con¬ 
ductor to discharge 
itself. On account of 
this discharging action 
of a point, conductors 
which are intended to 
retain a charge should 
be made as smooth 
as possible, and no 
projecting parts or 
Fig. 232. — Disch.irging Action of a Point. points should be 

allowed. 

If a needle point (Fig. 232) is attached to a charged 
conductor, a candle flame held near the point will be blown 
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away from the point, showing that a strong current of air is 
flowing from the point away from the conductor. This current 
consists of a stream of particles of air which have become 
charged by the electrical forces near the point, and are then 
repelled by the charge remaining on the conductor. It is 
this stream of electrified particles which discharges the 
conductor. 


CHAPTER V 


FORCE BETWEEN ELECTRICAL CHARGES— 

LINES OF FORCE 


287 . Law of Force between Electrical Cbargres.—The 
mechanical force between two electrical charges was in¬ 


vestigated by Coulomb. It 
is evident that we cannot 
experiment with electrical 


D 



Fig, 233. — Coulomb’s Torsion 

Balance. 


at the centre of the small 
known as point charges. 


charges, but only with 
charged bodies. Now the 
charge distributes itself over 
the whole of the surface of 
the bodies, and all parts of 
the two charges are not at 
the same distance apart. 
Hence the force between 
two charged bodies will 
depend on their shape and 
size as well as on their 
charges and the distance 
between them. If, however, 
the bodies are small com¬ 
pared with the distance 
between them, we can regard 
each charge as being situated 
practically at a single point, 
body. The charges are then 


The mechanical force deHveen two fotni charges varies in 
versely as the square of the distance betwee 7 i them. 

The law of force for point charges is thus the same as for 
magnetic poles. 

This law of force was propounded by Coulo^nb from ex¬ 
periments made by him with a torsion balance. An insulat¬ 
ing rod of shellac (Fig. 233) having a small gilt pith ball A at 
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one end is supported by means of a fine wire from a movable 
torsion head D, the whole being enclosed in a cylindrical 
glass vessel to avoid draughts. A second similar gilt pith 
ball E is supported by a second shellac rod F, passing through 
a cork G. When the cork is fitted into its place the two 
pith balls are in the same horizontal plane. The pith ball 
E is given a charge, and the torsion head D is turned until 
the two balls touch. They share the charge between them 
by conduction, and as the charges in the two balls are thus 
of the same sign A is repelled to some distance from E. 
This distance is measured, and also the twist on the supporting 
wire. The torsion head D is then turned until the distance 
between the balls is reduced to one-half. It is found that to 
produce this decrease the twist on the wire must be increased 
fourfold. Now it is known that the couple exerted by a 
twisted wire is directly proportional to the twist upon it. Thus 
the force between the two charges is increased fourfold when 
the distance between them is halved—that is, the force is 
inversely proportional to the square of the distance between 
the charges. 

These experiments are necessarily inaccurate owing, among 
other causes, to the gradual leakage of the charges during the 
experiment. Our belief in the accuracy of the inverse square 
law rests on Faraday^s discovery that there is no electrical 
force inside a closed conductor. It can be shown mathe¬ 
matically that this result is only true if the law of force 
between two electrical point charges is that of the inverse 
square. 

288 , Unit of Electrical Charge.—The mechanical force 
between two charged bodies increases with the charge upon 
them. Following the line of argument employed in the case 
of magnetic poles, we may define our unit of electrical charge 
as follows : 

U'ni/ electrical charge is one tvhich if placed at a distance of 
I cm, in air from an equal and similar charge -will repel it with 
a force of i dyne. 

Taking this definition of unit charge, it follows that if F 
is the mechanical force between two charges of electricity of 
magnitude q and q' respectively separated in air by a distance 
of d cms., then 



dynes 
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If the two charges are like, the force will be one of repulsion ; 
if unlike, the charges will be one of attraction. Now a charge 
of lo units of positive electricity may be represented by the 
symbol +io; while a charge of lo units of negative elec¬ 
tricity will be represented by the symbol — lo. Taking the 
symbols + and — in their usual algebraical sense, it will be 
seen that the product of two like charges is always positive^ 
while the product of two unlike charges is negative. The 
force between two charges will therefore have a positive sign 
if the charges are like, and a negative sign if they are unlike. 
Thus a positive value of the force indicates a force of 



Fig. 234. — l; 2 N:pcriinent to illus¬ 
trate the Effect of the Medium 
OD the Force between the 
Charges. 


repulsion, a negative value of the 
force indicates a force of attrac¬ 
tion. 

The presence of a charge on 
a body is regarded as being due 
to the presence on the body of 
a quantity of something called 
electricity. A unit electrical 
charge may be regarded as in¬ 
dicating the presence of unit 
quantity of electricity upon the 
body. Hence— 

Unit quantity of electricity is 
that quantity which if placed at 
unit distance in air from an equal 
and similar quantity will repel it 
with a force of i dyne» 


Electrical charge and quantity 
of electricity are used as interchangeable terms. 


289 . Effect of the Medium on the Force between Charges._ 

We have specified in our definition above that the charges are 
to be separated by air. It is found that the force between 


two given charges depends very largely on the nature of the 
substance between them. If two pith balls are suspended by 
silk threads and given a charge, they will diverge. If now a 
thick slab of glass or sulphur (Fig. 234) is placed between them, 
the divergence will be considerably diminished. On withdraw¬ 
ing the slab, the balls fly apart again to their original position. 
Thus, while the charges remain the same, the force between 
them is appreciably lessened when glass or sulphur is sub¬ 
stituted for air as the medium between the charges. 
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In general, therefore, the force F between two charges 
q and q' separated by a distance d in any medium may be 
expressed by the formula 


--i 


9R' 


dynes. 


where K is a constant which depends on the nature of the 
medium between the two charges. 

Faraday, who was the first to point out the importance of 
the medium between the charges in electrical phenomena, 
called the constant K the specific inductive capacity of the 
medium. It is also known as the dielectric constant. The 
greater the value of the specific inductive capacity the smaller 
the force. The specific inductive capacity of air is taken as 
unity. The specific inductive capacity of glass is about 6; 
that of sulphur, 4 ; and that of water nearly 80. The force 
between two given charges separated by water is therefore only 
•g^th of the force between the same charges when separated 
by the same distance in air. 

290 . Electrical Field—Intensity.— Any region in which 
electrical force is manifested is known as a field of electric force^ 
or simply as an electric field. The strength of the field is 
defined in the same way as the strength of a magnetic field. 

The field at a given point is said to be of unit strength if a 
unit charge placed at the point would experience a mechanical 
force due to the field equal to i dyne. 

The strength of an electric field is often known as the 
electric intensity, and will be denoted by the letter R. 
Thus a charge q when placed in a field of intensity R will 
experience a force F given by 


F=^R dynes. 


291 . Lines of Force.—An electric field can be represented 
by a system of lines of force in exactly the same way as a 
magnetic field (§ 264). 

A line of force in an electric field is a curve such that the 
direction of the resultant field at every point on the curve is along 
the tangent to the curve at that point. 

A small conducting thread (a piece of cotton fluff, for 
example) will set itself along the lines of an electric field in 
the same way as an iron filing sets in a magnetic field, and 
for a similar reason. Owing to the experimental difficulties 
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electric fields cannot be mapped out experimentally with any 
accuracy. The direction of the lines of force can be deduced 
mathematically in simple cases. Fig. 235 represents the 
lines of force in the electric field due {a) to a single point 
charge, (d) to two equal and opposite charges, and {c) to two 
equal and similar charges. 



c 

Fig. 235.—Lines of Electric Force. 

A line of force will commence on a positive charge and must 
terminate on a negative charge. It is usual to regard one 
line of force as arising from each unit of positive charge, 
and ending on a unit of negative charge. It can be shown 
that the number of lines of force passing through unit area 
drawn at right angles to the direction of the lines at any 
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point in the field will in this case be directly proportional to 
electric intensity at that point. They afford, therefore, a 
measure not only of the direction of the field at all points in 
it, but also of the strength of the field at any point. A map 
drawn in this way represents the field completely both in 
magnitude and direction. 

Faraday, to whom the idea of lines of force is due, showed 
that all actions between electrified bodies could be completely 
accounted for if it was supposed— 

(a) that the lines of force tended to shorten themselves, as 
if they were stretched elastic cords ; 

(^) thatneighbour- 
ing lines of 
force exerted 
a lateral re- 
pulsion on 
each other. 

This idea has proved 
very useful, and 
modern science has * ” 
tendedtoendowthese - - 
lines of electric force 
(or Faraday tubes, as 
they are often called) 
with a real existence. 

We have only 
space to illustrate the 
method here. For 
example, in the case 
in Fig. 235,^, the lines of force joining the two charges will 
tend to shorten, and also will tend to repel each other in a 
direction at right angles to their length. For each of these 
reasons there will be a force on the two bodies tending to draw 
them closer together—that is to say, the two unlike charges 
will attract each other. On the other hand, in Fig. 23s,there 
are no lines of force passing from one charge to the other. 
The mutual repulsion of the lines of force running parallel 
to each other up the centre of the field of force will, however, 
tend to urge the two bodies apart; and the tendency to 
shorten of the lines running in opposite directions from the 
charged bodies which end on negative charges induced on 
the walls and floor of the room will have a like effect— 
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Fig. 236.—Lines of Force and Induction— 

Ice-Pail Experiment. 
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that is to say, the two positive charges will tend to move 
apart. 

292 . Lines of Force and Electrical Induction.—Since there 
is no field inside a closed conductor, there are no lines of 
force. A line of force ends when it falls on a conducting 
surface. Thus, if a positively charged sphere is placed in a 
metal vessel the system of lines of force which originally 
radiated from the sphere to the walls of the room will be cut 
by the walls of the vessel, as shown in Fig. 236. Since the 
termination of a line of force implies a unit negative charge, 
while its commencement implies a unit positive charge, it is 
evident that the inside of the vessel will have a negative charge 



I 


Fig. 237.— Lines of Force and Induction for the Case of 

Uncharged Conductor. 

equal to the charge on the sphere, while the outside will have 
an equal positive charge. 

If the vessel is insulated, the lines of force cannot leave it. 
If, however, the vessel is connected to the walls of the room, 
say by a conducting wire, the ends of the lines of force 
running from the vessel to the walls of the room will be free 
to move along the conducting wire. Thus if the vessel and 
the walls of the room are joined by a wire, the lines of force 
nearest the wire will, owing to the repulsion of the lines 
beyond them, be driven into it and will disappear. Since 
* lines of force were kept in equilibrium by the lines 

which have now disappeared, they also will be repelled into 
t e wire and will disappear. Thus the whole field between 
the vessel and the walls will vanish, and we shall be left with 
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the negative charge on the inside of the vessel, and the 
positive charge on the sphere. If the latter is now with¬ 
drawn the vessel will be left with a negative charge. Fara¬ 
day s conception of lines of force thus gives an adequate 
representation of the process of electric induction. 

In the case where a charged sphere is brought near 


A 

I 



IiG. 23S.—Lines of Force during the Charging of an Electroscope 

by Induction. 


another conductor, only a fraction of the lines of force from 
the sphere are cut by the conductor (Fig. 237), the remainder 
finding their way directly to the walls of the room. Thus 
the induced charge on the conductor will only be a fraction 
of that on the sphere. 

The process of charging an electroscope by induction may 
be left as an exercise to the student. The diagrams for the 
different stages are given in Fig. 238. 


CHAPTER VI 


ELECTRICAL POTENTIAL AND CAPACITY 

293 . PotentiaL—If a positively charged conductor is 
brought into contact with an uncharged conductor, electricity 
will pass from the former to the latter. But it is quite easy 
to show that if two positively charged conductors are placed 
in contact one will in general gain a further charge at the 
expense of the other. It can be shown that it is not invari¬ 
ably the ball which has the bigger charge which parts with 
some of its charge to the other. It is easy to arrange the 
experiment so that the ball having the smaller charge gives 
up electricity to the more highly charged ball. What then 
is the property which determines the direction in which the 
transference of electricity will take place when two bodies are 
placed in electrical contact? 

We have already considered a similar problem in the case of 
the transference of heat (§ 96). One body, such as a red-hot 
needle, will give up heat to another, such as a bucket of warm 
water, although the heat in the latter is much greater than 
that in the needle. The property which determines the 
direction of the flow of heat is temperature. Tfu property 
ivhich determines the direction of fiow of eUctHcity is known as 
potential, or electro-motive force. 

Potemial in electricity is thus analogous to temperature in 
heat. The analogy between the level of a water supply and 
the temperature (§ 96), therefore, applies equally to potential, 
and should be carefully studied. Potential, in other words, is 
electricjil level. A sphere charged to a high potential will 
part with electncity to one at a low potential, irrespective of 
the quantities of electricity in the two bodies. It has been 
agreed in problems on potential to consider the changes as 
being brought about by the transference of positive electricity. 
Thus, if a positively charged conductor is connected to earth 
the positive electricity will flow to earth because the potential of 
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the conductor is greater than that of the earth. Similarly, posi¬ 
tive electricity will flow from the earth to a negatively charged 
conductor, because the potential of the conductor, which in 
this case is negative, is lower than the potential of the earth. 

On the other hand, electricity will not flow from one place 
to another at the same potential, no matter what the charges 
may be. 

Thus in the induction experiment in § 282, although one 
end of the conductor has a positive charge and the other a 
negative charge, the two charges do not recombine although 
situated on a conducting surface, because the potential of this 
surface is the same throughout. Similarly, if the conductor 
is earthed either at the positive or the negative end, positive 
electricity will flow from the conductor to the earth because 
the potential of the conductor is higher than that of the earth. 

It must be noticed that a negative charge does not neces¬ 
sarily imply a negative potential. The negative charge on 
the conductor we have been considering is at a positive 
potential. Potential is simply what we have defined it to be 
—the electrical condition which determines the direction in 
which positive electricity will flow. 

294 . Measurement of PotentiaL—This definition does not 
give us a means of measuring potential. The analogy with 
water-level and the flow of water will help us here. The 
work which must be done to move a given quantity of water 
from a lower to a higher level is equal to the weight of the 
water multiplied by the difference in the levels (§ 36). 
Thus we could have defined difference in level not in units 
of length, but by the work which must be done to move unit 
mass from the lower to the higher level. This is the method 
adopted in measuring electrical level. 

^he difference of potential between two points is the work 
which must be done to move unit quantity of positive electricity 
from the one point to the other against the electrical forces. 

Unit difference of potential exists between two points if \ erg 
of work is done in moving a unit positive charge from the one 
pohit to the other against the electrical forces. 

If work has to be done to move a positive charge from A 
to B, then B is said to be at a higher potential than A. 

If V and V' are the potentials of the two points, and w the 
work done in moving a unit positive charge from A to B, then 

V' —V = a; 
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295 . E^nlpotential Surfaces.— A surface dratvn to pass 
through all points in the field which have the same potential is 
called an eqmpotential surface. It follows from the definition 
there is no tendency for electricity to pass from one point 
to another on the same equipotential surface. Hence the 
electrical forces have no component along such a surface, and 
the lines of force cut the equipotential surface at right angles. 

The surface of a conductor is an equipotential surface. For 
since electricity is free to flow in any direction over the surface 
of a conductor, if one point on the surface were at a higher 
potential than another the electricity there would flow down 

the potential gradient until the difference was neutralised. 
This result is very important. 

is no field inside a closed conductor 
there is no work done in moving a charge from one point to 
another inside it. Thus the whole of the surface and interior 
of a closed conductor are at the same potential 

296 . Zero of PotentiaL—Our definition only enables us to 
measure differences of potential. In practice it is usual to 
regard the earth, and in consequence any conductor in electrical 
contact with it, as having zero potential, in the same way that 
the mean sea-level is taken as the zero in measuring heights. 

1 he earth is so large that our largest electrical operations cannot 
be regarded as sensibly affecting its potential. It thus affords 

‘ standard. Potentials higher 

tharof positive, those lower than 

that of the earth as negative. An earth-connected conductor 

IS at zero potential under all circumstances 

297 . Belation between Potential and Intensity.—If the 

electric field between two points is uniform, their difference 

R bl thT^- calculated in terms of the intensity. Let 

The me K ^ distance apart of the points. 

L^finiTion^'p”'^ °° field is by 

definition R, and the work done in moving the charge a 

'‘v ^ direction of the field is therefore R . d. 

betwee'n the"po1ntl 


and, conversely, 


V-V'=.R,^ 


r=':-y: 

d 
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If the unit positive charge is moved in the opposite direction 
to the lines of force, work must be done on the charge to 
move it. If the charge is moved in the direction of the lines 
of force, that is in the direction in which it is urged by the 
electrical forces, work will be done by the electrical forces upon 
the charge. In the former case the work is considered 
positive, in the latter negative. 

298 . Practical Measurement of Potential.—Potential differ¬ 
ences can be measured by a gold-leaf electroscope. We have 
so far used the electroscope for measuring charges, but in 
reality the divergence of the leaves indicates not charge but 
potential difference. When the gold leaves are charged there 
is a potential difference between the leaves and the case 
(which is at zero potential, being earthed), and consequently 
a field of force between the leaves and the case. The lines 
of this field tend to shorten, and hence the leaves are drawn 
apart. That this explanation is correct can easily be verified 
by insulating the electroscope on a slab of wax, and connect¬ 
ing the case to the leaves. However highly the instrument 
may be charged, there will be no divergence of the leaves under 
these circumstances. 

Now by the preceding section the greater the potential of 
the leaves, the greater will be the field between them and the 
case, and hence the greater the divergence of the leaves. 
Thus the divergence of the leaves is a measure of their 
potent! aL 

To measure the potential of a conductor, therefore, we 
place it in electrical contact with the cap of an electroscope, 
by means of a conducting wire. The conductor, the wire, 
and the leaves of the electroscope now form part of the same 
conductor, and hence are all at the same potential (§ 295)* 
Thus the divergence of the leaves is a measure of the potential 
of the conductor. 

The use of the electroscope for measuring charges depends 
on the fact that for a given conductor the greater the charge 
upon it the higher its potential. Thus, if we convey a charge 
from a given charged body to an electroscope by means of 
a proof plane, the potential of the electroscope will be pro- * 
portional to the charge given to it by the proof plane, and 
hence the divergence of the leaves will be a measure of this 
charge. If, however, we connect the electroscope direct to 
the charged body, the potential of the gold leaves will be that 
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of the body, and the divergence of the leaves will measure 
not the charge on the body, but its potential. 

299 . Electrometers .—An instrument for measuring a differ- 
ence of potential is known as an electrometer. The gold-leaf 
electroscope can be used as a simple electrometer by placing 
a graduated scale behind the gold leaves. The divergence 
of the leaves increases with the diflerence of potential between 
the leaves and the case. The relation is not a simple one, 
and the instrument has to be graduated empirically. Modi- 



h 

Kig. 239.—The Quadrant ElectrometeFi 

fications of the gold-leaf electroscope, however, are of great use 
as electrometers for certain purposes. 

Another form of electrometer, known as the Q.uadTant 
electrometer, is the one generally used for accurate work. 
The quadrant electrometer (Fig. 239) consists of four quadrant¬ 
shaped boxes of equal size, such as might be produced by 
sawing a shallow brass cylindrical box into quadrants by two 
cuts along two diameters at right angles. The separate 
quadrants are thus insulated from each other, and are supported 
on separate insulating stems of ebonite or amber. The two 
opposite pairs of quadrants are, however, joined together by 
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copper wires as shown in the figure. A light aluminium 
plate, known as the needle, and shaped as shown in the 
figure, is suspended symmetrically inside the box, by means 
of a fine conducting wire, so that its long axis is parallel to 
one of the divisions between the quadrants. In the diagram 

one of the quadrants has been removed in order to show 
the needle more clearly. 

To measure a difference of potential, the needle is charged to 
a constant high potential, say positive. If the needle is hanging 
symmetrically inside the box, therewill be notendency forit to be 
deflected in one direction rather than the other if the quadrants 
^re uncharged. If, however, the two pairs of quadrants are com 
nected to sources at different potentials, the positively charged 
needle will be attracted by the negatively charged quadrants, 
and repelled by the positively charged quadrants, so that it will 
turn in the direction of the low potential pair. The deflexion 
will continue until the restoring couple due to the twist on 
the supporting wire, which is proportional to the deflexion, 
is sufficient to balance the electrical forces. The electrical 
forces can be shown to be proportional to the difference of 
potential between the opposite pairs of quadrants—that is, to 
the difference of potential between the two sources. The 
deflexion of the needle is thus proportional to the difference 
of potential between the sources, which can thus be measured. 
A mirror is usually attached to the needle to enable the 
deflexion to be measured with accuracy. The instrument can 
be made sufficiently sensitive to register a difference of potential 

of no more than g o o'o o o ^be unit of potential which we 

have defined above. 

300 , Capacity.— The potential of a given conductor is directly 
proportional to the quantity of electricity upon it, just as the 
temperature of a given body is proportional to the amount 
of heat in it; but just as the capacity for heat is different 
for different bodies, so the capacity of different conductors 
for electricity is different for different conductors. It is quite 
easy to show experimentally that a charge which will raise a 
small sphere to a high potential will produce very little effect 
on the potential of a large one. 

The electrical capacity of a conductor is the quantity of elec¬ 
tricity Tvhich must be imparted to it to raise its potential by 
unity. 

This may also be expressed by saying that the capacity of a 
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conductor is the ratio of the charge upon it to its potential. 

Thus, if Q is the charge on a conductor, and V its potential, 
then 

c = 2 . orQ = CV 

where C is a constant for the conductor, and is known as its 
capacity. 

electrical capacity of a conductor depends upon its 
size and shape, and can be calculated for certain simple cases. 
The capacity of a conducting sphere, when placed at a con¬ 
siderable distance from all other conductors, is numerically 
equal to its radius. Thus a sphere of lo cms. radius will 
require lo units of charge to raise its potential by unity. 

301 . Electrical Oondensers.—The capacity of a conductor 



Fig. 240. —Parallel Plate Condenser. 


depends not only on its own size and shape, but also on its 
position with respect to other conductors. 

Any arrangement by mhich the electrical capacity of a con¬ 
ductor ts increased is called an electrical condenser. 

This increase in capacity is generally effected by placing 

an earth-connected conductor in close proximity to the 
insulated conductor. ^ 

The effect of the presence of an earth-connected conductor 
on the capacity of an insulated conductor can be studied 
conveniently with a pair of metal plates, one of which is 
insulated while the other is earthed. The plates are arranged 
facing each other, and the insulated plate is connected by a 

^ gold-leaf electroscope (Fig. 240). 

, capaaty of the condenser is inversely proportional to 

the distance between the plates. 
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While the plates are at some distance apart, the insulated 
plate is charged so that the leaves of the electroscope diverge 
widely. On moving the earthed plate nearer to the charged 
plate the leaves gradually fall together, showing that the 
potential of the plate is diminishing. On withdrawing the 
earthed plate to its original position the leaves again diverge, 
showing that the charge on the insulated plate has not been 
altered during the experiment Since the charge has remained 
constant while the potential has diminished, the approach of 
the earthed plate must have increased the capacity of the 
insulated plate. Careful experiments show that the capacity 
is inversely proportional to the distance between the plates. 

(b) The capacity of the condenser is directly proportional to 
the specific inductive capacity of the medium between the plates. 

Keeping the plates at a fixed distance apart, charge the in¬ 
sulated plate as before, and introduce between the plates a thick 
slab of glass or other insulating material. The gold leaves 
fall together, showing that the capacity of the condenser is 
increased by the presence of the new medium. It can 
be shown that the capacity of a condenser is directly pro¬ 
portional to the specific inductive capacity (§ 289) of the 
medium between the plates. On this account the specific indue- 
five capacity of a medium is often defined as the ratio of the 
capacity of a condenser when the plates are separated by the 
given medium to the capacity of the same condenser when the 
plates are separated by air. 

(c) The capacity of a condenser is profortiotial to the area of 
the insulated plate. 

A sheet of tinfoil, fastened like a blind to an insulated 
roller, is substituted for the insulated plate in the previous 
experiments. The tinfoil blind is unrolled and placed near 
the earthed plate to form a condenser. It is charged, and 
the divergence of the leaves of the electroscope is noted. 
The blind is gradually wound upon the roller, thus decreasing 
its exposed area, and at the same time the divergence of the 
leaves will be found to increase, showing that the potential is 
increasing. As the charge remains constant, the capacity of 
the condenser is therefore diminished by decreasing the area 
of the plate. 

A pair of parallel plates, one of which is earthed, forms 
what is known as a parallel plate condenser. It can be 
shown that the capacity of a parallel plate condenser consist- 
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ing of two parallel plates each of area A and separated by a 

thickness d of some insulating medium of specihc inductive 
capacity K is given by 



302 . The Leyden Jar.—The Leyden jar is the form of 
condenser most often employed in electrostatic work. It 
consists of a wide-mouthed glass jar, the lower half of which 
IS coated inside and out with a layer of tinfoil <Fig. 241). 
Contact with the inner coating is made by a brass rod passing 
through an insulating stopper and resting on the tinfoil. The 

upper portion of the glass jar is covered 
with shellac varnish to improve the in¬ 
sulation. The condenser thus consists 
of two conducting coats separated by a 
small thickness of glass. It may be 
regarded as a parallel plate condenser 
roUed up into the form of a cylinder. 


Fig. 241,—The Leydea 
Jar. 



Fig. 242.—-Leyden Jars arranged 

in parallel. 



To charge it, the outer coat is earthed by holding it in the 
hand, and the brass knob is charged by being presented to 
one pole of an electrical machine or other source of supply 
A considerable electrical charge can thus be stored in theyr,' 
and if the two coatings are connected by a metallic rod a 
powerful spark may be obtained. Similarly, if the knob of 
the charged jar is touched while the outer coating is still held 
in the hand, a very disagreeable and, in the case of a large 
jar, a possibly dangerous shock will be felt. 

For storing still greater quantities of electricity a number of 
these jars may be used; all the outer coatings being con¬ 
nected together, and similarly all the inner coatings (Fig 242). 
he capacity of the resultant condenser is equal to the sum 
29 
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of the capacities of the separate jars. The jars are said to be 
connected in parallel, 

303 * Principle of ^he Condenser.—Consider a charged 
sphere A at some distance from other conductors. The 
electric field will be uniform around it, and may be repre¬ 
sented by a system of lines of force radiating out from the 
sphere as shown in Fig. 243. The potential of the sphere 
will be the work done against this field in bringing up a unit 
positive charge from the walls of the room to the sphere. 
Imagine a sphere B concentric with A, but of slightly larger 



Fig. 243.—Diagram to illustrate the Principle of the Condenser. 

radius. The potential of A is then equal to the work 
done in bringing unit charge from the walls up to the surface 
B, plus the work done in moving the charge from B to the 
surface of A. If the distance between the two spheres is 
very small, the latter will be small compared with the 
former. 

Now suppose the imaginary sphere B to be replaced by a 
conducting surface coinciding with it. This will divide the 
field of force into two parts, but will not otherwise affect the 
conditions. Now let us earth the sphere B. This will at 
Dnce destroy the field between B and the walls of the room, 
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but since B is a closed conductor it will not affect the field 
between B and A, which therefore remains at its old value. 
But since we have destroyed the field between B and the walls 
of the room, no work will now be done against electrical forces 
in bringing a unit charge from the walls up to B. The potential 
of A, therefore, is now merely the work which must be done to 
move a unit charge from B to A. But, as we have seen, this 
is only a small fraction of the work which was originally re¬ 
quired to bring a unit charge from the walls up to A before 
the sphere B was placed in position. Hence the potential of 
A has been decreased by surrounding it with the earthed 
conductor B. It is obvious that the nearer B is to A the 
smaller will be the potential of the latter. As the charge on 
A remains the same, its capacity is increased. This is the 
principle of the condenser. 

304. Bner^ of a Charged Conductor.—By definition of 
potential, the work done in bringing a charge q up to the 
surface of a conductor at a potential V is equal to q . V. 
Suppose we charge our conductor by bringing up to it success¬ 
ively a large number of small charges. As soon as the first 
charge is placed upon it the conductor will acquire a potential 
and hence work will have to be done to bring up each of 
the successive charges to the surface of the conductor. The 
amount of this work will be proportional to the charge already 
on the conductor. It will be small at first when the potential 
IS small, but will increase as the potential is raised by the 
presence of the charges already placed on the conductor. It 
be shown that the work done in charging a condenser is 
the same as if the whole charge were placed upon it at its 
average potential during the charging process. Thus, if the 
conductor is originally uncharged, and its final potential is V, 
the average potential during the charge will be JV. If Q 
is the final charge upon the conductor, then the work done in 
charging the conductor is equal to the product of the whole 

charge into the average potential—that is, JQV ergs. 

Since work has been done in charging the conductor, the 
conductor has potential energy equal to the work spent in 
charging it (§ 41 ). Thus— 


T^ energy of a charged conductor= §QV ergs. 

Since Q_Cy, where C is the capacity of the conductor, 
we can write this relation in the form 


E= JQV= JCV2 ergs 
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by substituting for Q; or by substituting for V we can write 
it in the form 

E = JQV= J^ergs 

This potential energy can be used for doing work, either 
electrical or mechanical. It is generally manifested in the 
form of an electric spark when the conductor is discharged. 
The electric spark from a highly charged condenser of large 
capacity is capable of producing considerable mechanical 
effects (for example, puncturing a glass plate), and is always 
attended with light, heat, and sound. All these phenomena 
are forms of energy. 


1. A conductor has a capacity of loo units and is charged 
to a difference of potential of 20 units. Calculate (a) the 
charge on the conductor, (d) its electrical energy. 

2* A parallel plate condenser has plates of area 300 square 
cms. and the distance apart of the plates is 3 millimetres. 
Calculate its capacity. 

3. The plates of a parallel plate condenser are i mm. apait 
and are charged to a potential difference of 10 tmits. With¬ 
out discharging the condenser the plates are separated to a 
distance of i cm. What is the potential difference ? 

4. A battery of four Leyden jars each of capacity 1000 
units are connected in parallel and charged to a potential 
difference of 100 units. Calculate (<r) the total charge on the 
jars, (d) the electrical energy of the system. 

5. A ^yden jar of 500 units capacity is given a charge oi 
2000 units and is allowed to share this charge with another 
uncharged jar of equal capacity, by connecting the two in 
parallel. Assuming that no charge is lost in the process, 
calculate (a) the change in potential, (^ 5 ) the change in 
electrical energy of the system, produced by connecting the 
jars. 



CHAPTER VII 


ELECTRICAL MACHINES 


305 . Production of Electrification.—Charges of electricity 
can be produced either by friction or by induction from 
another charge. In each case the production of a given 
quantity of positive electricity is attended by the simultaneous 
production of an equal quantity of negative electricity. The 
electrical charge, strictly speaking, is not produced, but only 
separated from the electrification of the opposite sign. A 

neutral body in reality contains immense 


quantities of both positive and negative 
; g electricity, but the amount of each being 
exactly the same, they exactly neutralise 
j each other at all points. The quantity 

\ of electricity of each sign in a given 

I body is not infinite, but it is immensely 
greater than the charges we are able to 
excite in our experiments. The total 
^ 4 ^ quantity of positive electricity contained 

^ cubic centimetre of water.is about 

to.^treEq'lSJuyTf * S X I o'*. Or 150 million miUions of 
the Charges produced unit of electrical charge* This is 

by Friction. infinitely greater than any charge we 

can excite in our experiments, so 
that for our purposes the supply may be regarded as 
inexhaustible. 


The fact that the production of a given positive charge is 
always attended by the appearance of an equal negative charge 
has already been demonstrated in the case of inductive charges. 
It can be proved in the case of frictional electrification by 
simple experiments. For instance, make a fiannel cap to fit 
a rod of ebonite, and fasten to it a silk cord (Fig. 244). The 
cap is placed on the end of the rod, and the silk is wound 
around it so that when the silk is pulled the cap revolves with 
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friction against the surface of the rod. Without touching the 
cap, bring the rod and cap together near the cap of an electro¬ 
scope. There will be no effect on the leaves. Now lift off 
the cap by means of the silk thread, and test each of them 
separately. The rod is negatively charged, and the flannel 
cap positively charged. Since the two charges together have no 
effect on the electroscope, they must be equal and opposite. 

306 . Frictional Machines.—The production of electricity 
by friction can be made continuous by simple mechanical 
devices. For example, if a silk pad P (Fig. 245) is pressed 
ag^nst a glass cylinder C, and the latter is rotated on its 
axis, the friction of the glass against the pad will produce 
positive electricity on the 


glass, which can be col¬ 
lected by a series of sharp 
points A, placed nearly 
touching the glass. The 
point becomes strongly 
electrified negatively by 
induction from the posi¬ 
tive charge on the glass, 
and discharges to the glass 
(§ 286), leaving the con¬ 
ductor positively charged. 
The effect is the same as 
if the positive charge on 
C was directly transferred 
to the conductor A. The 
working of the machine 



Fig. 245.—Frictional Machine. 


is improved if the rubber is smeared with an amalgam, and 
is earth-connected. Frictional machines have been displaced 
by machines working on the principle of induction, which give 
far more satisfactory results. ° 


307 . The Electrophorus.—The electrophorus consists of a 

as the “plate,”' mounted on 
an insulating handle H. A somewhat larger circular disk C of 

ebonite, or a mixture of various waxes and resins, completes 
the apparatus. This “ cake ” is generally placed on an earthed 
metal dish S known as the “sole.” The cake is given an 
initial charge by being rubbed with catskin or flannel. The 
metal plate is then placed on the cake, touched with the finger 
for a moment to earth it, and then lifted from the cake by 
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the insulating handle. The plate is charged positively by 
induction. 

When the plate is placed on the cake, it makes actual 
electrical contact with it only at a very few points. Since 
the cake is an insulator its charge is not conducted to the 
plate. The negative charge on the cake, however, induces a 
positive charge on the lower side of the plate, and a negative 
charge on the upper, which passes to earth when the plate is 
touched by the finger. On removing the finger this charge 
is left insulated on the plate, and is removed with it when the 



tT- .. i L- ] I^:; 

Fig. 246.—The Electrophorus, with diagrams to illustrate its action. 

plate is lifted. As the original charge on the cake is not 
affected by the process, the operation can be repeated a large 
number of times until the original charge leaks away owing to 
imperfect insulation. Thus a very large number of positive 
charges can be obtained from a single negative charge. 

As we have seen, a charged conductor possesses potential 
energy, and thus each of the charges carried away by the 
plate possesses a certain amount of energy. It would thus 
appear as if an indefinite amount of energy could be 
obtained from a single negative charge on the cake. This is 
not the case. The energy of the positive charges does not 
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come from the negative charge, but from the person who 
works the electrophorus. Since the positive charge on the 
plate and the negative charge on the cake attract each other, 
more work must be done to lift the plate from the cake 
when they are charged than when they are uncharged. It is 



Fig. 247.— The Wimshurst Machine. 


this excess of work that supplies the energy of the successive 
charges produced on the plate. 

303. The Wimshurst Machine.—The usual method of pro¬ 
ducing a supply of electricity in the laboratory is the Wimshurst 
machine. The principle is that of the electrophorus, but 
the apparatus is designed so that the necessary succession of 
operations can be carried out mechanically and continuously 
by the turning of a handle. 

The Wimshurst machine (Fig. 247 ) consists of two plates of 
glass or ebonite arranged to rotate in opposite directions by 
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turning a handle on the base of the instrument. The 
plates have a number of radial metallic sectors, the rest of the 
surface being made insulating by a coating of shellac varnish. 
At opposite ends of the horizontal diameter of the plates are 
placed collectors or combs, consisting of a number of sharp 
points projecting close to the rotating sectors on each side of 
the disks. They are connected with insulated metallic knobs, 
which form the poles of the machine. On each side of the 
machine two long rods make connection by means of metallic 


B 



Fic. 247a .—Diagram to illustrate the Action of a Wimshurst. 

brushes between opposite sectors of the plates. These 
brushes are^set at right angles to each other, and making an 
angle of 45® with the line joining the combs. To work the 
machine a charged rod is held opposite one of the brushes and 
the handle turned. The conductors begin to charge up with 
electricity of opposite sign. The charged rod can then be 
taken away and the machine will continue to work indefinitely 
as long as the handle is turned. This will be shown by a 
succession of sparks between the poles of the machine. 

The action of the Wimshurst will be understood from the 
diagram in Fig, 247a. A and B represent the two plates 
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rotating in the directions of the arrows, the metallic sectors 
being indicated by the dark lines. C, C' are the two 
collectors or combs, while DE and FG represent the brushes. 

Let us suppose that a negatively charged rod is held 
opposite F and the plates rotated. The brush F and the 
sector p in contact with it become positively charged by in¬ 
duction, a negative charge being repelled along the conductor 
to the brush G and the sector q touching it. These charged 
sectors are carried round by the revolving plates until they 
come opposite the ends D and E respectively of the other 
brush. Here they act inductively on this conductor so that 
the end D becomes negatively charged and the end E 
positively. These charges are carried off by the rotating 
sectors in the direction of the arrows, and come in turn 
opposite the ends of the brush FG, were they act in¬ 
ductively on the brushes, giving to the end F a positive charge 
and to the end G a negative. The charged rod can then be 
withdrawn, as the supply on the brush FG is now kept up by 
the action of the charged sectors coming from D and E. In 
the same way the charges on D and E are continually 
renew'ed by induction from the charged sectors coming from 
F and G. The machine once started will therefore continue 
to w’ork. 

After acting on the brushes the charged sectors are brought 
opposite the collectors C, C', where they are discharged by 
the discharging action of the points, their charge passing 
through the collectors to the poles of the machine. It will 
be seen from the figure that both sets of sectors bring positive 
charges to the comb C, which thus becomes the positive pole 
of the machine, while negative charges are conveyed to the 
comb C'. 

The energy of the charges produced comes from the work 
which must be done to move the oppositely charged sectors 
aw'ay from each other. Greater force must be applied to turn 
the plates when the machine is charged than in its uncharged 
condition, and this excess of work is transformed into the 
energy of the charges produced. 

309 . The Voltaic Cell.—Electricity can also be produced in 
other ways besides friction and induction. Of these the most 
important is the voltaic cell. If a plate of zinc and a plate of 
copper are dipped into a beaker containing dilute sulphuric 
acid, a difference of potential is set up between the two plates. 
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This difference of potential is so small that it will not sensibly 
affect the leaves of a gold-leaf electroscope. If, however, we 
take, say, loo such cells and join the copperplate of one to the 
zinc plate of the next cell, and so on (Fig. 248), the difference of 



Kig. 248.—Voitaic Cells connected in Series. 


potential between the copper plate at one end of the series and 
the zinc plate at the other will be sufficient to produce a measur¬ 
able divergence of the leaves, when the one is connected to the 
leaves and the other to earth or to the case of the electroscope. 
It will be found that the wire coming from the copper is posi¬ 
tive, that from the zinc is negative. The copper and the zinc 
plates therefore form the positive and negative poles of the cell 
The experiment can also be performed with a single cell 

by the use of a condensing electroscope. 
This consists (Fig. 249) of ^ ordinary 
electroscope in which the rod supporting 
the gold leaves terminates in a large flat 
circular brass disk covered with a thin 
layer of insulating shellac varnish. An 
exactly similar plate is laid upon the plate 
of the electroscope and is connected to 
earth. Since the plates are insulated from 
each other by varnish and the upper one 
is earthed, they form a condenser the 
capacity of which is large, since the plates 
are very close together. Connect the 
zinc plate to the upper brass plate, and 
the copper plate to the cap. Remove the 
wires and raise the upper plate from the 
j. _ lower. The gold leaves will be seen to 

diverge. It can easily be shown that the charge on the leaves 
IS positive, ® 

fK '^oljaic cell produced a difference of potential between 
two plates of the condensing electroscope, too small to 
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cause an appreciable divergence of the leaves. Owing, how¬ 
ever, to the great capacity of the system, the charge on the 
lower plate was appreciable in spite of its low potential. On 
raising the upper plate, the capacity of the lower plate was 
very greatly diminished. Since its charge remained the same, 
the potential rose correspondingly and was finally sufficiently 
great to cause a measurable divergence of the leaves. 

We thus learn that the potentials produced by the voltaic cell 
are very small compared with those produced by friction^ or by a 
Wimshurst machine. On the other hand, a voltaic cell will 
produce in a given time far greater quantities of electricity than 
a Wimshurst. For instance, if we join the poles of a Wims¬ 
hurst machine by a very thin conducting wire, the electrical 
charges produced will flow along the wire from the positive to 
the negative pole, producing what is known as a current of 
electricity. The wire will not become appreciably warm. If, 
howevei, we join the poles of a voltaic cell by a similar piece 
of wire, the wire will become red-hot. Faraday, who first 
investigated the subject, found that a very small voltaic cell 
would produce in three seconds as much electricity as was 
produced by thirty turns of his largest electrical machine, the 
plate of which was 50 inches in diameter, and which was 
capable of giving an electric spark 14 inches in length. 

Thus, if we wish to investigate the electrical forces between 
charges at rest, which depend mainly on the potential of the 
charges, we shall find our most convenient source of electricity 
in the Wimshurst. When, however, we come to investigate 
the effect produced by electricity in motion, where the magni¬ 
tude of the effect depends largely on the quantity of electricity 
set in motion, we shall find it much more convenient to work 
with the voltaic cell. The part of the subject of electricity 
which we have already considered is known as electrostatics, 
since it deals with the effects produced by charges at rest. 
The study of the effects produced by charges in motion^ that is, 
by electric currents^ is known as current electricity. 
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EXAMINATION QUESTIONS.—XV 

1. Describe experiments to show that when two unlike sub¬ 
stances are rubbed together equal and opposite charges of 
electricity are produced. 

2. State the law of force between two point charges, and 
describe an experiment to illustrate the law. Explain how the 
law is applied to define unit quantity of electricity. 

3. Two insulated brass spheres, each of 2 cms. radius and 
situated 10 cms. apart, are charged with equal quantities of 
electricity. Illustrate by a diagram the distribution of electric 
force in the region between them when the spheres are charged 
with (a) the same, (^) opposite kinds of electricity. How 
would the force between them be altered if the spheres were 
immersed in paraffin oil of specific inductive capacity 2 ? 

4. Describe experiments to illustrate electrostatic induction. 
In what circumstances is it possible to have a charge on the 
interior of a hollow conductor? 

5. A positively charged body is brought near an uncharged 
insulated conductor. What will be the condition of the con¬ 
ductor as regards (a) charge, (d) potential ? How could you 
test your statements with the aid of an electroscope ? 

6. Describe the mode of action of an electrophorus, giving 
diagrams to show the arrangement of the charges and the lines 
of force. What is the source of the energy produced ? 

7. How are induced charges of electricity obtained ? 
Describe and explain the action of a Wimshurst machine. 

8. What is meant by the capacity of an electrical conductor ? 
How would you demonstrate the fact that the capacity of a 
conductor is altered by bringing into its neighbourhood another 
conductor ? 

9. Describe some form of electrical condenser. Explain 
what is meant by the capacity of a condenser, and point out 
the factors on which it depends. 

10. Describe a condensing electroscope, and describe how 
by means of it a small potential difference, such as that 
between the poles of a battery of a few cells, may be shown. 

ri. Explain what is meant by the difference of potential 
between two points. What is meant by the statement that 
an electroscope indicates potential rather than quantity ? 

12. A charged metal rod and a charged ebonite rod are in 
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turn placed in contact with the knob of an electroscope. In 
each case the leaves diverge. When the metal rod is removed 
there is no change in the divergence, but when the ebonite 
rod is taken away the leaves partly collapse. Explain the 
difference. 

13. Describe a gold-leaf electroscope, and show how it may 
be used to determine (a) the sign of the charge on an insu¬ 
lated conductor, ( 3 ) which of two small conductors has the 
greater charge. 

14. A tall metal can is insulated and charged. How would 
you investigate the distribution of the charge over the surface 
of the can ? What results would you expect to find ? 

15* Two small equal metal spheres are placed 5 cms. apart 
in air. What will be the force between them if one has a 
charge of -f-5 units and the other —10 units? The spheres 
are connected for a moment by a wire held by an insulated 
handle. What is the force now ? 

16. Explain the terms electric charge, electric potential 
Under what circumstances can a negative charge be at a 
positive potential ? 

17. A positively charged conductor A is brought near (a) 
an insulated conductor B, (^) an earthed conductor C. What 
changes, if any, will be produced in the potentials of the three 
conductors, and what charges will be produced on B and C? 


CHAPTER VIII 


THE ELECTRIC CURRENT 

310 . The Electric Current.—If the two plates of a charged 
condenser are joined by a conducting wire, the positive elec¬ 
tricity flows along the wire from the high to the low potential 
plate until the two are at the same potential. There is thus 
a passage of electricity along the wire which may be compared 
to the flow of water along a pipe from a higher to a lower 
level. We therefore say that during the discharge there is a 
current of electricity or an electric current flowing along the 
wire. In the case of the discharge of a condenser the flow 
is only momentary. If, however, we connect the two poles 
of a Wimshurst while it is working by a conducting thread, 
there will be a continuous flow of electricity along the thread 
from the high to the low potential pole. We thus get a 
continuous current. As we have seen, a voltaic cell will 
produce in a given time a much greater quantity of electricity 
than the largest electrical machine, so that if the poles of a 
voltaic cell are joined by a conducting wire a large and con¬ 
tinuous current of electricity flows along the wire. 

simple form of voltaic cell already described (§ 309) 
is not very satisfactory, as owing to the deposition of gas on 
the plates its action rapidly weakens. Improved forms of the 
voltaic cell have, however, been devised which overcome this 
difficulty, and are capable of supplying considerable currents 
for an almost indefinitely long time. The most useful of 
these cells, or batteHes as they are often called, are the Daniell, 
the Btckromate, and the Beclanchi. These are described in 
a later chapter (§ 337 seq,). 

311 . ^ects produced by the Electric Current.—When a 
current is flowing along a conductor various effects are pro¬ 
duced in and around it. 

(a) Magnetic Effects. —If the wire carrying the current 
is placed parallel to the magnetic axis of a compass needle 
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the needle will be deflected, and will tend to set itself at 
right angles to the direction of the current Thus an electric 
current produces a magnetic field. 

(^) Thermal Effects.— Heat is produced in the wire by 
the passage of the current If the current is strong and the 
wire thin, the heat produced may be sufficient to raise the wire 
to incandescence, as in the case of the metallic filaments in 
electric flash lamps. 

(£•) Chemical Effects. —If the wire carrying the current 
IS cut, and the ends are dipped into acidulated water, bubbles 
of gas are seen coming off from each of the cut ends. These 
gases can be shown to be hydrogen and oxygen. Thus the 
water is decomposed into its elements by the action of the 
current. 

We shall have to consider each of these effects in turn. 

312 . Direction of the Current. — The current is regarded 
as flowing from the positive to the negative pole of the cell 
—that is, from the copper to the zinc. We thus agree to 
consider only the motion of the positive electricity and to 
neglect that of the negative electricity, which, of course, will 
flow from the negative to the positive pole. Thus if a 
positively charged conductor A is connected to a negatively 
charged one B, we agree to regard the resulting action as a 
flow of positive electricity from A to B. We might equally 
well have expressed the result by saying that negative elec¬ 
tricity flows from B to A. A current of positive electricity 
from A to B is experimentally indistinguishable from a current 
of negative electricity from B to A. As a matter of fact, we 
now know that it is the negative electricity which moves 
through the conductor, the positive remaining at rest. It is, 
however, too late to alter the nomenclature of the subject, 
so that when we speak of the direction of a current we mean 
t?u direction in which the positive electricity is supposed to flow. 

313 . Magnetic Field due to a Current.—If a straight wire 
carrying a current is placed parallel to the axis of a suspended 
magnetised needle the needle will be deflected and will tend to 
set at right angles to the current. If the wire is above the needle 
and the current ;s running from south to north, the north 
pole will be deflected to the west; if the wire is placed below 
the needle the north pole will turn towards the east. If the 
direction of the current is reversed, so that it flows from north 
to south, the direction of the deflexion will also be reversed. 
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There is thus a definite relation between the direction of 
the current and the magnetic field which it produces. 

The lines of magnetic force due to a current flowing in a 
straight wire are a system of concentric circles with their 
centre in the wire. This can be deduced from the experi¬ 
ments with the compass needle which we have just been 
considering. It can also be shown directly by passing a vertical 
wire bearing a current through a small hole in the centre of a 
horizontal sheet of cardboard so that the wire is at right angles 
to the cardboard. If iron filings are sprinkled over the sheet, 
they will set themselves in the form of a series of circles 
around the wire, as shown in Fig. 250. 

The direction of these lines of force, that is, the direction 
in which a north pole would be urged, bears a definite relation 
to the direction of the current. There are various devices 
for remembering this relation. One of the simplest is to 
suppose that we are screwing a corkscrew into a cork in the 
direction in which the current is travelling. The direction in 
which a north pole would be urged round the current is the 
direction in which the thumb travels round with the cork¬ 
screw (Fig. 251). In other words, t?ic direction of the lines of 
the magnetic field due to a current bears the same relation to 
the direction of the current as the rotation bears to the translation 
in a right-handed screw. The student should apply this rule 
to the deflexion of a magnetic needle already described. 

314 . The Galvanoscope.—If the straight wire carrying the 
current is bent so as to return beneath the needle as shown 
in Fig. 252, then it can be seen by the application of our rule 
that in the space between the wires the field produced by the 
portion of the current flowing above the needle is in the same 
direction as the field produced by the portion of the current 
below the needle. The force on the needle will, therefore, 
be doubled, and the deflexion correspondingly increased. 
Similarly, if instead of a single turn around the needle we 
loop our wire several times round the needle, each turn of 
wire will produce its own additional force, and the deflexion 
will become still greater. 

An instrument of this kind forms a very sensitive detector 
of current, and is known as a galvanoscope. It must, of 
course, be set so that the plane of the coils of wire is parallel 
to the magnetic needle—that is, in the magnetic meridian. 

315 . The Electric Telegraph.—If a galvanoscope is con* 

30 
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nected in series with a battery and a key, on completing the 
circuit by pressing the key a current will flow, and the needle 
of the instrument will be deflected. If the circuit is broken, 
the needle will return to its normal position. If the current 
is reversed, by reversing the connections with the battery the 
needle will be deflected in the opposite direction. In this 
way a series of signals can be transmitted from the key to 
the galv^oscope. These signals can be arranged into an 
alphabetical code by which messages can be transmitted. 
The reversal of the current in the circuit can be eflected by 
a special key, known as a commutator or reversing key. The 
whole arrangement is a simple form of electric telegraph. The 
distance apart of the battery and key, or transmitting station, 
and the galvanoscope, or receiving station, may be very great, 
providing that the battery is sufficiently strong to produce an 

• conducting wires joining the 

stations. ® 

316. Strength of Magnetic Field produced by a Current.— 

The strength of the magnetic field at a given point due to a 

current will depend in the first place on the strength of the 

current. The greater the current the greater the effect which 

It vnW produce. It will also depend on the distance of the 

point from the current. The closer we bring our current- 

bearing wire to the magnetic needle the greater the de¬ 
flexion. 

To investigate the variation of the field with the distance 
we must arrange the wire carrying the current so that each 
part of It is at the same distance from the point where the 
field IS to be measured. If not, the results will be compU- 
cated by the fact that different portions of the current are at 
different distances from the point of observation. We can 
do this by bending the ^re carrying the current into the form 
of an arc of a circle having the given point for its centre. 

It IS found by experiment that if a wire of length / carrying 
a constant current is bent into the arc of a circle of radius r, 
the magnetic force at the centre of the circle is inversely pro^ 
portwnal to the square of the radius —that is, of the distance of 
the point from the current. 

1 the radius fixed and increase or decrease the 

length of the wire carrying the current, the magnetic field at 
the centre is directly proportional to the length of the ivire. 

Ihus if a wire of length I carrying a current C is bent into 
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the arc of a circle of radius r, the magnetic field F at the 
centre of the circle due to the current is given by 


oc 


/.c 


This result is used to define a unit of current. 

Unii current is defined as that current which, flowing in a 
wire of unit length bent into the arc of a circle of unit radius, 
will produce at the centre of the circle a magnetic field of unit 
intensity (i gauss). 

As the current is measured by the magnetic effect which it 
produces, the unit of current as defined above is known as 
the electro-magnetic unit of current. All electrical measure¬ 
ments are made in C.G.S. units. When the current is measured 
in this electro-magnetic unit just defined we have, from the 
definition 



/.C 

r2 


317 . The Tangent Galvanometer.—Suppose we have n turns 
of wire wound in a circular groove of radius r. Then, since 
each portion of the wire will be at the same distance from the 
centre of the circle, the magnetic field F at the centre due to 
a current C flowing in the wire will by the previous equation 
be given by 

^_(total length of wire) x C 

1? ^ 


Since there are n circles of wire each of radius r, the total 
length of wire is ^vr.n. Hence, substituting this value, we 
have 

^ i'rrrnC T.'rnO, 

^ -;s-= 

where C is measured in the absolute electro-magnetic unit 
just defined. 

This result affords us a convenient practical method of 
measuring currents. Our rule for determining the direction 
of the field shows that the field F is at right angles to the 
plane of the circle on which the wire is wound. If we set 
the plane of the coils parallel to the magnetic meridian, the 
field due to the current will be at right angles to the magnetic 
field of the earth. A small compass needle suspended at the 
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centre of the coils (Fig. 253) will thus be acted upon by two 
fields at right angles to each other. The deflexion 0 pro¬ 
duced when the current passes is therefore given (§ 269) by 

F=H tan 0 

where H is the horizontal component of the earth’s magnetic 



Fig. 253 -—The Tangent Galvanometer. 



This equation enables us to determine C if the deflexion 0 is 
measured. 

The instrument used for this purpose is the tangent 
galvanometer. It consists (Fig. 253) of a vertical circular 
frame wound with a number of turns of insulated wire, the 
ends of which are for convenience brought to terminals on the 
base of the instrument. At the centre of the circle is sus¬ 
pended a small magnetic needle which is free to turn in a 
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honzontal plane. The needle carries a long aluminium 

“'’er a circular horizontal 
scale graduated in degrees. The deflexions of the needle are 
read on the graduated scale. 

To use the galvanometer the plane of the coils is set in the 
magnetic meridian (parallel to the magnetic needle), and the 
reading of the ends of the pointer is taken. The current to 

through the coils, the needle is deflected, 
reading of the ends of the pointer again noted. 
The difference between the two readings measures the de- 
flexion produced by the current. To avoid errors which 
might be produced by tbe coils not being exactly in the 
mendian, the direction in which the current flows through 
the coils js reversed so that the needle deflects to the opposite 

side of the scale. The mean of two values so obtained is 
taken as the true deflexion 

The current C is then given by 

C= -- tan ^ 

2 T/t 

/ar-a/*/ to the magnetic 
meridian, that is, 

Pk i ill ^ deflexion at all, since 

the field due to the current which acts at right angles to the 

coils will now be acting in the same line as the field of the 
earth.) 

Since the value of H differs in different places, the same 
current will produce different deHexions in the galvanometer 

at different places. The fraction on the other hand, 

instrument and is 

a constant for a given galvanometer. It is known as the 
galvanometer constant. If we denote it by G, then 

C = 5 tan ^ 

Ct 


318 . Practical Unit of Current-The unit of current as 

Gchned above is known as the absolute eloctro-maffnetic iiuit^ 
since it is based directly on the C.G.S. system of units. It 
was found somewhat too large for practical purposes, and a 
current of exactly one-tenth of the absolute unit is employed 
in practical measurements. This current is known as the 
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ampere. There are thus 10 amperes in one absolute unit. To 
measure the current in amperes by a tangent galvanometer 
we must therefore multiply the right-hand side of the ex¬ 
pression by 10. Thus— 

Current in amperes = tan 9 

2 

The factor by Ufhick the tangent of the deflexion must be multi- 
plied to give the current in amperes is knouon as the reduction 
of the galvanometer. Thus, if K is the reduction factor 
of a given galvanometer, we have 

C (in amperes) = K tan ^ 

By comparison with the previous equation we see that for a 

tangent galvanometer K= -. Its value therefore depends 

on the place where the instrument is used. 

319 . Quantity of Electricity conveyed by a Current._ 

If we regard the electric current as a current of electricity 
flowing through the conductor, and therefore as analogous to 
a current of water flowing through a pipe, the current can be 
measured by finding the quantity of electricity passing any 
given point on the conductor in a unit of time. In the case 
of the flow of water the current is measured by the number 
of litres or gallons passing a given point in i second. 
Similarly, the electric current can be measured by the number 
of units of electricity passing a given point in i second. 
A current will be said to be of unit strength if r unit of 
charge passes any point in the circuit in i second. Thus, if 
Q is the charge passing any given point on the conductor’in 
a time /, the current C in the conductor is measured by 

c=Q 

Hence q _ C . / 

The quantity of electricity passing a given point on a conductor 
conveying a current C in a time t is equal to Q ,t, the product of 
the current into the time for which it flows. 

The quantity of electricity conveyed by a current of \ ampere 
flowing for I second is the practical electro-magnetic unit of 
electric charge. It is known as the coulomb. 
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This unit of quantity is very much larger than the one 
employed in electrostatics, and defined in § 288. It is 
found by experiment that a current of i ampere conveys 
3 X io» electrostatic units of charge past any point in the 
circuit in i second. That is to say, one coulomb —3 x 10* 
electrostatic units of charge. The coulomb is always used 
as the unit of quantity in experiments on current electricity. 

320 . The Thomson Qalvanometer.—The sensitiveness of a 
galvanometer—that is to say, the deflexion produced by a 
given current—can be increased 

(a) By increasing the number 
of turns of wire on the instru¬ 
ment. 

(d) By decreasing the radius of 
the turns, and so bringing them 
nearer to the magnetic needle. 

(«■) By decreasing the magni* 
tude of the earth’s field at the 
centre of the coils. This can be 
effected by arranging a permanent 
bar magnet so that the field pro¬ 
duced by it at the centre of the 
coils is very nearly equal and in 
the opposite direction to that of 
the earth. The resultant field 
on the needle due to the fixed 
magnet and the earth is thus very 
much smaller than that due to 
the earth alone. ^ 

These modifications are em- Galvanometer, 

bodied in the Thomson galvano¬ 
meter, shown in Fig. 254. It consists of a very large number 
of turns of insulated wire wound on a circular frame of 
comparatively small radius. A bar magnet is placed above 
the coils, and can be adjusted so as to reduce the resultant 
field at the centre of the coils to a very small value. 

The suspended magnet consists of a small piece of 
magnetised watch-spring, and is attached to a mirror. A 
beam of light is passed through a narrow slit and falling on 
the mirror is reflected from it to a graduated scale. This 
beam of light serves the purpose of a pointer. It can be 
shown from the laws of reflexion of light that if the mirror 
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IS deflected through an angle the beam of light will be 
deflected through twice this angle. If the distance between 
the mirror and the scale is large, a very small deflexion of the 
mirror will cause a large movement of the spot of light 
produced by the beam on the scale. Thus, if the distance of 
the scale from the mirror is r metre, a deflexion of the 
mirror of i* will cause a movement in the spot of light of 
cms. As a movement of i mm. can easily be seen, it is 
obvious that a much smaller deflexion can be measured 
by this method than by means of an aluminium pointer 
attached to the needle. This device is usually adopted when 
a small defle.xion has to be measured. 

321 . The Astatic Galvanometer.—Two magnetised needles 


VTA d«lUlG blZC 


I strength are mounted 

I parallel to each other on 

^ -<-dj--- - the same support with 

f I _ ^ their north poles pointing 

( n—^—5 in opposite directions, and 

_^ _ _the system is suspended 

If the two needles were 
S — i exactly of the same 
V y strength, the couples pro- 

C --—^ duced by the earth’s mag- 

Fig. 255. — Principle of the Astatic netic fleld would be the 

Galvanometer. same for each needle, but 

would act in opposite 
directions, so that there would be no resultant couple upon 

the system as a whole. Such a system is known as an 

astatic combination. It is impossible to magnetise the 

needles to exactly the same strength. Thus the system will 

generally have a feeble tendency to set in one particular 

direction, but it will be very small. If now a coil of wire is 

wound round the two needles in the way shown in the figure 

(^*g. 255 )» Jt will be seen that a current flowing through 

the coils will tend to deflect each of the needles in the 

same direction. As the resultant couple due to the earth 

IS very small, a very small current will suffice to produce 

a very appreciable deflexion. The instrument is known 

as an astatic galvanometer. It ts only used as a detector of 
currents. 
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The principle of the astatic galvanometer can of course also 
be applied to reflecting galvanometers of the Thomson type. 



PLES. 


1. Calculate the magnetic fields produced at the centre of 
a coil of wire consisting of 20 turns each of radius 10 cms. 
when conveying a current of (a) 2 absolute electro-magnetic 
units, (6) 3 amperes. 

2. A tangent galvanometer has 200 turns of wire each of 
radius 8 cms. Calculate its reduction factor, for a place 
where H = o*i8 gauss. 

3. What will be the current through the coils of the 
galvanometer in Question 2 when the deflexion is 30”? 

4. What current would be required to produce the same 
deflexion in the instrument if it was taken to a place where 
the value of H is 0*32 gauss ? 

5. A voltaic cell furnishes a current of 2 amperes for 
20 minutes. Calculate the quantity of electricity generated 
by the cell in this time. 

6. A circular coil of wire of radius 6 cms. and containing 
30 turns of wire is placed with its plane at right angles to the 
magnetic meridian, and it is found on plotting the field that 
there is a neutral point at the centre of the coil. Calculate 
the current passing round the coil, the value of H being c‘i8 
gauss. 


CHAPTER IX 

ELKCTRO-MAGNETISM 


322 . Lines of Porco in Field of & Circular Current.— 

The lines of force in the field produced by a current flowing in 
a circle can be plotted with a small compass needle in exactly 
the same way as any other field of magnetic force (§ 264). 
The vertical coils of a tangent galvanometer from which the 
compass box has been taken away can be used, and two draw¬ 
ing boards supported one on each side of the coil so that their 




Fig. 256 (a).— Miignetic Field due 
to a Circular Coil of Wire carrying 
a Current. 


Fic. 256 {6 ).—Magnetic Field 
due to a Magnetic Shell. 


plane contains the horizontal diameter of the coil. The field 

thus plotted will of course be the resultant of the field due to 

the current and that of the earth, and will depend on the 

direction made by the coil with the meridian. The student 

should plot these fields for himself for different positions of 
the coil. 

The field due to the coil alone is shown in Fig. 256a. 
The of force are closed curves surrounding the current 
This field of force is similar to that produced by a thin plate 

magnetised so that its axis is at right angles to 
the surface of the plate—that is, so that one face is a north 

pole and the other a south (Fig. 256^). Such a sheet is 
known as a magnetic shell. 
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A current flowing in any closed circuit acts exactly like a 
magnetic shelly the edges of which coincide with the wire carrying 
the current^ and the behaviour of the one can be deduced 
from that of the other. This is known as Ampere’s law. 

Thus our circular coil of wire when carrying a current 
behaves as if one face of it were a large north pole, and the 
opposite face a south pole. Thus, if the north pole of a 
magnet is brought near one side of the coil, the latter will be 
attracted; if near the other, it will be repelled. Again, if the 
coil is free to turn, it will set itself in a magnetic field in 
exactly the same way as a compass needle. It must be 
remembered that as the 
magnetic axis of the coil 
is at right angles to the 
plane of the coil, the 
latter will set at right 
angles to the field. 

These results can be 
illustrated very simply by 
the floating battery of de 
la Rive. A copper and 
a zinc plate are floated in 
dilute sulphuric acid by 
means of a large cork, 
and the plates are con¬ 
nected by a small circular 
coil of several turns of 

wire. A current passes Hive’s Floating 

from the copper to the Battery, 

zinc, as shown in Fig. 

257. If the north pole of a bar magnet is presented to 
the side nearest the spectator in the figure, the coil will 
move towards the pole ; if to the other side, the coil will be 
repelled. If left to itself, the coil w’ill set so that its plane is 
at right angles to the meridian—that is, with its magnetic axis 
in the meridian. 

The coil, when carrying a current, thus behaves like a 
magnetic shell, and it can be shown that its magnetic moment 
is equal to the strength of the current in absolute units (§ 316) 
multiplied by the total area of the coil : that is to say, the sum 
of the areas of the windings. Thus a circular coil of n turns 
of wire each of radius r would have an area g=.nvr^i and its 
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magnetic moment, M, when a current of C absolute 

umts was flowing round it would be C. ^ or C . n^rr^ 

If the coil were placed with its axis at right angles to a 

uniform magnetic field of strength H, there would be a 

mechamcal couple acting on it equal to M . H (§ 263) or 

H . C tending to turn it so that its axis was parallel to 
the field. ^ 

323 , Moving Coil Galvanometers.—The couple on a coil 
suspended in a magnetic field can be used for measuring 
currents. A coil of several turns of thin insulated wire is 
suspended by a phosphor bronze suspension between the 
poles N, S of a strong permanent magnet (Fig. 258a). A 

cylinder B of soft iron is placed 
within the coil (without touch¬ 
ing it) to concentrate the lines 
of force of the magnet upon 
the coil. The current enters 
the coil through the suspen¬ 
sion and leaves by a very 
flexible spring. 

When no current is flowing, 
the plane of the coils is set 
in the plane of the magnetic 
field, t.e, parallel to the lines 
of force. When the current 
passes, there is a couple tend¬ 
ing to set the coil at right 
angles to the field. This is 
resisted by the torsion of the 
. suspension, and the coil con¬ 

tinues to turn until the torsional couple, which is directly 
proportional to the angle of deflection, has increased suffi¬ 
ciently to balance the magnetic couple. In the type of 
instrument illustrated with the central iron core, the magnetic 
field IS practically radial, the lines of force taking the shortest 
path between the iron cylinder B and the curved pole 
pieces. Thus even when the coil has deflected through a 
considerable angle its plane is still parallel to the lines of 

deflecting couple is thus given 
1- a where H is the field between the poles and the 
cylinder, and ^ is the area of the coil. If the coil comes to 
rest at an angle 0 to its zero position, the restoring couple 



Kig. 238a.—Moving Coil 
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due to the suspension is ^£4. . ^ (§ 64). Thus for equilibrium 
we must have 

fj^0=uc^, or 4 

The deflexion of the coil is thus directly proportional to the 
strength of the current in the moving coil. This property is 
very convenient in instruments designed to give the strength 
of a current directly by the motion of a pointer over a gradu¬ 
ated scale, and most ammeters, as these instruments are called, 
work on this principle. If the galvanometer is required to 
measure very small currents a plane mirror is attached to 
moving coil, and the deflections are read by a lamp and scale, 
as in the case of the Thomson galvanometer (§ 320). 

Another advantage of this type of galvanometer is that it 
is not aflected by small external magnetic fields, as is the case 
with instruments 
like the Tangent, 
or the Thomson 
galvanometer, in 
which a suspended 
magnet is em¬ 
ployed. 

323 * The Mov¬ 
ing Coil Ammeter 
is simply a port- 
able form of 
moving coil gal¬ 
vanometer. As its 
purpose is to 
measure fairly 
large currents, not 
to detect very 

minute ones, it Fig. 258^*—The Moving Coil Ammeter, 
can be made com¬ 
paratively robust. The usual construction is indicated in 
Fig. 258^5, which shows the working part of the instrument, 

A coil C of about 50 turns of wire is supported by steel 
points working on agate bearings, and is controlled by a 
pair of flat spiral springs H (like the hair-spring of a 
watch), one above and one below the coil. These provide 
the restoring couple when the coil is displaced from its 
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zero position, and also serve to lead the current to and 

cylinder B is separately sup- 
ported in the centre of the coil, and the pole pieces N, S of 

the horse-shoe magnet are shaped, as shown, so that their 
surfaces are coaxial with that of the cylinder. The lines of 

1°^‘'1 rotates are 

indicated by the dotted lines. The deflection of the coil is 

read by a pointer P, which is rigidly attached to the coil. The 

action of the instrument is identical with that of the moving 

coil galvanometer, already described. ® 

Although more robust than the galvanometer, it is not 
possible to pass currents of more than a fraction of an ampere 
through the instrument with safety. For measuring larger 
currents a device known as a shunt (§ 348) is employed, which 

allows only a definite fraction of the 
whole current to pass through the in¬ 
strument. If the ammeter is required 
only for a definite range of currents (say 
0 - 1*5 amp.) the appropriate shunt is 
usually permanently connected across the 
terminals of the moving coil, and enclosed 
m the case (see Fig. 279^?). 

324. Magnetic Attraction of Two 
Currents.—Since a current flowing in a 
Fig. 259.—Attraction Circuit is equivalent to a magnetic shell 
between two Currents, two currents flowing in neighbouring 

Circuits will behave towards each other 

^ <=“1" ‘‘re placed close 

or®rene[ elch oth^'" "'iP either attract 

or repel each other according to the direction in which the 

currents are flowing. The polarity of the faces can be 

thlrif tW ^ corkscrew rule (§ 313). It will be found 
cr,n 'rr'rrent is flowing in the same direction in each 

polarUv andTb t opposite 

are flowing (Pig- ^59) ; if the cuLnts 

faces will havr?he ® oPPOsite directions, the adjacent 

325 M P°l^rity, and there will be repulsion. 

insulatiS (covered with 

cvirnd cotton or silk) upon a long 

the winding the wire always in 

what iT k i® reached, we Lve 

what IS known as a solenoid (Fig. .60). If a Current is 
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p^sed through the solenoid, each of the separate turns of 
"vroe acts as a magnetic shell with its axis parallel to the axis 
of the cylinder. There is thus a magnetic field inside the 
solenoid, tl^ lines of which are parallel to the length of the 
cylinder. One end of the solenoid will therefore behave as 


Fio. 260.—Magnetic Field due to a Solenoid. 




a north pole, the other as a south. The polarity can be 
determined from the direction of the current by the corkscrew 
rule. It will be found that if we are looking at the end of 
the solenoid the current must circulate in the direction of 
arrows placed on the ends of the letter N in order to produce 
a north pole, and in the direction of arrows placed on the 


<E) 


<!) 


ends of the letter S to pro¬ 
duce a south pole, as illus¬ 
trated in Fig. 260. 

The field inside a long 
solenoid is very nearly uni¬ 
form. It can be shown 
that the field K inside a 
long solenoid is given by 

F = 47 rnC 

where n is the number of 
turns of wire on unit length 
of the cylinder, and C is 
the current measured in 
absolute electro - magnetic 
units. Thus, if the solenoid 
has 20 turns to the centi¬ 
metre, and a current of i ampere, that is, -^^th absolute 
unit, is passed through the coils, the magnetic field inside 

the solenoid will be 4T x 20 x that is, 25*1 gauss. It is 

evident that if large currents are available very strong 
magnetic fields can be produced in this way. 



Fig. 261.—Flectro-Magnet. 
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If a bar of iron or steel is placed in the solenoid it will 
become magnetised by the field. If steel is used, the magnet¬ 
ism will persist after the current is cut oflf. This is the best 
way of making permanent magnets. If the solenoid is wound 
on a soft iron core the iron will become a strong magnet while 
the current is passing, but will lose its magnetism when the 
current is cut off. It forms what is known as an electro¬ 
magnet. Electro-magnets are generally made in the form 
shown in Fig. 261. The cylindrical iron cores are firmly 
bolted down on a soft iron base, each core being furnished 
with its own magnetising coil. If the magnet is to be one of 
the usual type, having a north and a south pole, the coils must 
be arranged so that the current flows round them in opposite 
directions as seen by an observer looking down upon the 
magnet from above, as indicated by the small circles placed 
above the poles in the figure. If the direction of the current 

through the magnet is reversed, the polarity will also be 
reversed. 


3* 
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EXAMINATION QUESTIONS.—XVI 

1. What are the principal effects of an electric current? 
What experiments would you make to demonstrate them ? 

2. Describe experiments to show the way in which a mag¬ 
netic field is associated with an electric current. Under what 
circumstances can the measurement of a magnetic field serve 
as a measure of the electric current ? 

3. Explain how the strength of a current is defined. 
Describe fully one method of measuring the strength of a 
current. 

4. Sketch the lines of magnetic force due to an electric 
current flowing round a circular coil, neglecting the earth’s 
magnetic field. Explain the method of measuring the strength 
of a current by observations on the deflexion of a magnetic 
needle suspended at the centre of the coil. 

5. Describe the construction and method of use of a 
tangent galvanometer. 

6. What is meant by the reduction factor of a galvano¬ 
meter ? A tangent galvanometer has 20 coils, each of 8 cms. 
radius. Calculate the reduction factor of the instrument for 
a place where H=o'2o. 

7. A current flowing through a tangent galvanometer con¬ 
sisting of 10 turns of wire, of radius 8 cms., produces a 
deflexion of 45® when the instrument is in a place where 
H = o'i8 dyne per unit pole (gauss). What is the current? 
What alterations would you make in the instrument so that 
it would give the same deflexion for a current of 

an ampere ? 

8. Describe some form of sensitive galvanometer, explain¬ 
ing the principle on which its action is based. 

9. Describe experiments to show that a circuit carrying a 
current behaves like a magnet. Under what circumstances 
will two neighbouring circuits repel each other? 

10. Describe some form of moving coil galvanometer, and 
explain the principle on which it acts. What are the advan¬ 
tages of this form of galvanometer ? 


CHAPTER X 
ELECTROLYSIS 

326 . Two Kinds of Conduction-If the poles of a voltaic 

cell are joined by a metallic wire, a current passes. The wire 
is a conductor of electricity. If the wire is cut and the ends 
dipped into a solution of dilute sulphuric acid in water, the 
current continues to flow. The solution is also a conductor. 
The mechanism of the conduction is, however, very different 
in the two cases. In the case of the wire there is no motion 
of the molecules of the wire. This can be verified by press- 
ing a rod of silver against the end of a rod of copper, and 
passing a current across the junction for some time. If the 
rods are then separated and chemically analysed, it is found 
that there is no trace of silver in the copper, and no copper 
in the silver. The current has passed from one to the other 
without any transference of the material of the bars. 

On the other hand, when the current is passing through 
the dilute sulphuric acid, it is obvious that the substances in 
the solution are affected by the current, A stream of bubbles 
can be seen coming off at each of the wires dipping into the 
solution, showing that the solution is being decomposed by 
the passage of the current. This type of conduction is called 
electrolytic, and the liquid is called an electrolyte. 

327 . Electrolytes.— A substance in ‘which the passage of an 

electric current is attended with chemical decomposition is known 
as an electrolyte. 

The most common electrolytes are solutions of salts 
acids, and bases in water. Many fused salts also act as 
electrolytes---such, for example, as fused potassium hydr- 
oxide. A few solid electrolytes are also known, for example 

The conductors by which the current enters and leaves the 
electrolyte are known as electrodes; the positive electrode is 
called the anode, the negative one the cathode. A vessel 
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fitted with electrodes and containing an electrolyte is known 
as an electrolytic celL 

328 . Electrolysis.—Suppose we take an electrolytic cell 
containing dilute sulphuric acid, and invert burettes over the 
electrodes to collect and measure the gases evolved. If we 
pass a constant current through the cell it can quite readily be 
seen that the gas is evolved at a constant rate; the total amount 
of gas evolved is therefore directly proportional to the time 
for which the current has been flowing. Again, if we increase 
the current, the rate of evolution of gas is also increased; if 
we diminish it, the rate of evolution of gas is also diminished. 
Thus the quantity of gas evolved is also directly proportional 
to the strength of the current. 

The gas evolved at the anode will be found to be oxygen, 
and that at the cathode hydrogen, and it will readily be seen 



that the volume of the hydrogen is exactly twice that of the 
oxygen. But we know that one volume of oxygen is chemi¬ 
cally equivalent to two volumes of hydrogen. Thus the 
masses of the two substances evolved are directly proportional 
to their chemical equivalents. This is a particular instance 
of a general law. Let us arrange a number of electrolytic cells 
in series (Fig. 262), say, one containing dilute sulphuric acid as 
before, one a solution of silver nitrate, another containing a 
solution of copper sulphate, and so on. We may also make 
the cells of different sizes, some with electrodes of thin wire, 
and others in which they consist of large plates immersed in 
the solution. The same current is now passed through the 
whole of the cells for some convenient time, and the products 
of electrolysis are collected and weighed. Hydrogen and 
oxygen are liberated at the poles of the cell containing the 
acid, silver is deposited on the cathode of the cells containing 
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silver nitrate, and copper on the cathode of the copper sul¬ 
phate cells. It will be found 

(®) That the same weight of any given element is deposited 

cells in which it is one of the products of decompo¬ 
sition—that is to say, the amount of copper deposited is the 
same whether the cell is large or small, whether the electrodes 
are close together or far apart, and whether the electrolyte 
consists of, say, copper sulphate or copper nitrate. 

(^) The weights of the different elements deposited are 
directly proportional to their chemical equivalents. Thus, if 
the amount of hydrogen evolved weighs i gram, the weight 
of the oxygen liberated wiU be 8 grams, that of the copper 
31-5 grams, and silver 108 grams, 

329 . Faraday's Laws of Electrolysis.—These results, which 
were first obtained by Faraday, may be summarised in the 
following laws : 

L The mass of any substance liberated &om an electrolyte 
by the passage of a current is directly proportional to the 
strength of the current and to the time for which it flows. 

If the same current passes for the same time through 

masses of the different substances 
liberated will be directly proportional to their chemical 
equivalents. 

Since the product of the strength of the current into the 

time for which it flows measures the total quantity of electricity 

passing through the apparatus, the first law may be stated in 
the form— 

mass of any substance UberaUd from an electrolyte is 

quantity of electricity which has passed 

^ substance deposited by the passage of unit guan- 

ttty of electricity ts known as the electro-chemical equivalent of 
the substance. ^ 

It is generally measured by the weight in grams deposited 
during the passage of i coulomb. Thus, if ^ is the electro¬ 
chemical equivalent of copper, the weight of copper deposited 
by the passage of q units of electricity wiU be given by 


If the decomposition is effected by a constant current of 
strength c (amneres) passing for a time / (seconds), we have 
from the above 


m^ect 
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If we measure the current passing through an electrolytic cell, 
the time for which it flows, and the mass of the substance 
deposited, its electro-chemical equivalent can be determined 
from the relation 

— ^ 

It follows from the second law that the electro-chemical 
equivalents of the various substances are directly proportional to 
their chemical equivalents. Thus, if we know the electro¬ 
chemical equivalent of one element, those of the others can 
be calculated from their chemical equivalents. The electro¬ 
chemical equivalent of silver has been determined with the 
greatest accuracy. It 
is found that a cur¬ 
rent of I ampere 
flowing for i second 
deposits 0*001118 
gram of silver from 
a solution of a silver 
salt. The electro¬ 
chemical equivalent 
of silver is therefore 
o'ooiiiS gram per 
coulomb. Since its 

chemical equivalent Fig. 263.— Silver Voltameter, 

is 108, the electro- 

. . . . , .. 1 4 . 0*001118 

chemical equivalent of hydrogen is —-, that is, 

0*00001038. That of any other substance can be obtained 
by multiplying the electro-chemical equivalent of hydrogen 
by the chemical equivalent of the substance. 

330 . Voltameters.—These results afford a method of measur¬ 
ing the quantity of electricity passing through a given circuit. 
An electrolytic cell is connected in series in the circuit, and 
the mass m of substance deposited on one of the electrodes 
is measured. If e is the electro-chemical equivalent of this 
substance, then the quantity of electricity which has passed 
through the circuit is given by 

m 
e 

An electrolytic cell used for this purpose is called a 
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voltameter. The silver voltameter is the most accurate. It 

consists of a platinum dish (Fig. 263) containing a solution 
of silver nitrate in water, which forms the cathode, while a silver 
rod dipping into the solution is the anode. Silver is deposited 
on the dish, and its weight can be determined by weighing the 
dish before and after the experiment For laboratory purposes 
a copper voltameter is often used in which copper sulphate 
is substituted for the more expensive silver nitrate, and both 

the electrodes are of copper. The 
copper is deposited on the cathode 
or negative electrode. The defect of 
the copper voltameter is the ease with 
which the deposit of copper becomes 
oxidised during the processes of drying 
and weighing. 

A hydrogen voltameter is also 
used. A convenient form is shown 
in Fig. 264. The two electrodes, 
which should be made of platinum 
to avoid chemical reaction between 
the electrodes and the products of 
electrolysis, are sealed into the two 
limbs of a U-tube. The limbs 
are graduated so that the volume 
of the gas evolved can be read 
off. The voltameter is completely 
filled with dilute sulphuric acid 
by means of a funnel, the taps 
are then closed, and the voltameter 

use. The mass of the 
oUameter. hydrogen evolved is determined from 

_ - . ^ . the volume, its density being known. 

If the current passmg through the apparatus is constant, its 
value can be determined by the voltameter by allowing it to 
pass for a measured time /. Then since m^e . c, t, we have 

^_ m 

If the current is not constant, r will be the average current 
through^e voltameter dunng the time of the experiment. 

331 . ^eory of Blectrolysia.—There is much evidence, both 
chemical and physical, for believing that the molecule of an 
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electrolytic substance when dissolved in water dissociates or 
splits up into two or more atoms or groups of atoms (according 
to the nature of the substance), each of which carries an elec¬ 
tric charge (Fig. 265). These charged systems are known as 
ions. It is found that the metals and hydrogen are always 
deposited on the cathode, or negative plate, while the acid 
particles and non-metals such as oxygen and chlorine appear 
at the anode. The former are therefore called electro-positive 
ions since they presumably carry positive charges ; the latter 
are called electro-negative. Thus a solution of sodium chloride 
breaks up into ions of sodium and chlorine, the sodium ions 
carrying a positive, and the chlorine a negative charge. Since the 
electrolyte as a whole is neutral, the charge on the sodium ion is 
equal and opposite to that on the chlorine ion. It can be shown 



Fig. 265.—Theory of Electrolysis. 


that all monovalent ions carry the same charge. Similarly, 
a solution of sulphuric acid breaks up into one compound ion 
(SO4), which is negatively charged, and two hydrogen ions, each 
of which has a positive charge. The negative charge on the 
SO4 ion must therefore be twice the positive charge on the 
hydrogen ion. The charge on a divalent ion is therefore twice 
the charge on a monovalent ion. 

Let us consider now the electrolysis of a solution of sulphuric 
acid. The electrodes are maintained by the battery at a 
constant difference of potential, the anode being positive and 
the cathode negative. There is thus a field of electric force 
across the electrolyte, and the ions being charged begin to 
move, the negative to the anode and the positive to the 
cathode, with a velocity proportional to the field. Thus we 
have a steady drift of the positively charged ions in the direc- 
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tion of the cathode, and of negatively charged ions in the 
direction of the anode. But, as we have seen (§ 312), a motion 
of negative electricity from cathode to anode is equivalent 
to a motion of positive electricity in the opposite direction. 
Thus from the electrical point of view each of these drifts may 
be regarded as conveying positive electricity from anode to 
cathode—that is to say, the moving ions convey a current from 
the anode to the cathode through the solution. 

Let m be the mass of the ion of one kind in the solution, 
and g the charge upon it ; and let us suppose that in a given 
time /, n of these ions reach the electrode. Then the charge 
conveyed to the electrode is equal to «. ^; while the mass of 
the substance deposited \s n . m. The ratio of the mass of 
substance deposited to the quantity of electricity passed 
through the solution the electro-chemical equivalent) is 


therefore 


n, m m , . 

-— -, and IS constant for 

n. g g 


a given 


kind of ion. 


The electro-chemical equivalent of a substance is therefore the 

ratio of the mass of a single ion of the substance to the charge 
upon it, ° 

Now the mass of a given ion is proportional to its atomic 
weight, while the charge upon it is proportional to the 

valency. The electro-chemical equivalent — is therefore pro¬ 
portional to the ; that is, to the chemical equiva¬ 

lent. Our theory of electrolysis, therefore, gives a simple 
explanation of the experimental laws of Faraday. 

332 . Secondary Actions.—When an ion has given up its 
ionic charge to the electrode it resumes its ordinary chemical 
character, and may thus react either with the surrounding 
water or with the material of the electrode. For example, in 
the electrolysis of dilute sulphuric acid in a cell with platinum 
electrodes, the hydrogen, being unable to react with either the 
water or the electrode, is given off as a gas. On the other 
hand, the negative ion SO4 reacts with the water surround- 
ing the anode to form sulphuric acid and oxygen which is 
evolved. The total quantity of sulphuric acid therefore 
remains unchanged by the action of the current, and the 
experiment is often described as the electrolysis of water. 
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This description is incorrect. Pure water is not an electrolyte, 
and is practically a non-conductor of electricity. 

These reactions at the electrodes are known as secondary 
actions. They are of considerable importance, and may be 
very complicated. 

333 . Polarisation of the Slectrodes.—If we attempt to pass 
a current through a hydrogen voltameter using a single voltaic 
cell, or a single Daniell cell, we shall find it impossible to do 
so. A momentary current passes at the first closing of the 
circuit, but rapidly dies away to nothing. This can be shown 
to be due to the production within the voltameter of a 
potential difference which acts in the opposite direction to that 
of the cell producing the current. When a current is passed 
through the voltameter the electrodes become coated with 
layers of oxygen and hydrogen respectively. These elements 
have a strong affinity for each other, and their tendency to com¬ 
bine is represented electrically by the existence of a potential 
difference between them. This potential difference can easily 
be demonstrated. If a current is sent through the volta¬ 
meter for a little while to produce a coating of the gases on 
the electrodes, and the battery producing the current is dis¬ 
connected, then on joining the two electrodes through a 
galvanometer a current will flow through the galvanometer 
from the oxygen to the hydrogen, and therefore through the 
acid in the voltameter from the hydrogen to the oxygen. 
The current will continue to flow until the layers of gas have 
recombined. This effect is known as polarisation. 

It is obvious that to pass a continuous current through the 
voltameter we must apply a difference of potential to the 
plates greater than the polarisation potential, or dack electro¬ 
motive forcey as it is often called. The back E.M.F. in a 
hydrogen voltameter is greater than the E.M.F. of a simple 
voltaic or a Daniell cell, but less than that of two such cells. 
Hence we can decompose water with two Daniell cells, but 
not with one. 

It will be seen that the platinum plates when covered 
with oxygen and hydrogen behave in exactly the same way as 
the copper and zinc plates in a voltaic cell, the hydrogen 
plate corresponding to the zinc and the oxygen plate to the 
copper. 

When the current is passed through the voltameter in the 
usual way, it is obvious that it is being forced through against 
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the back E.M.F. due to the polarised plates, and that the 
electricity is being transferred across the electrolyte from a 
low to a high potential- Consequently, work is being done 
(§ 294) in the cell, since the potential of the electricity is being 
raised. This work, which is supplied by the battery driving 
the current, provides the energy required to decompose the 
electrolyte. 

In voltameters where there is no resultant chemical de¬ 
composition, and consequently no energy expended (as, for 
example, in the electrolysis of copper sulphate solution with 
copper electrodes), there is no back E.M.F. 

The back E.M.F. due to polarisation must be taken into 
account in applying Ohm’s law to an electrolytic circuit. If 
E is the applied E.M.F., e the polarisation E.M.F,, and R 
the ohmic resistance of the circuit, the current C is given by 
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EXAMINATION QUESTIONS. XVII 

1. State Faraday’s laws of electrolysis. Describe how 

they may be tested experimentally. 

2. What IS the electro-chemical equivalent of a substance ? 
Explain how the average current through a circuit may be 
found by means of a voltameter included in the circuit. 

3. Describe briefly the way in which an electric current is 

conducted through a solution of copper sulphate. What 

weight of copper would be deposited from such a solution by 

the passage through it of 20 amperes for three hours? The 

electro-chemical equivalent of copper is 0*000228 eram oer 
coulomb. ^ a t' 

4- Distinguish between the chemical and the electro¬ 
chemical equivalents of a substance. A current of 3 am¬ 
peres flowmg through a solution of sulphate of copper for 
half an hour deposits 1*78 gram of copper (atomic weight, 
63*6). Calculate the electro-chemical equivalent of hydrogen. 

5. A constant current is passed through a silver volta- 
meter and a tangent galvanometer connected in series, for 
twenty minutes. The weight of silver deposited is found to 
be 0*2 gram, and the deflexion of the galvanometer is 45® 
Calculate the reduction factor of the galvanometer. 

6. Explain why it is impossible to electrolyse acidulated 
water by the action of a single Daniell cell, and describe an 
experiment m support of your explanation. 

7. Explain what is meant by the polarisation of an electrolytic 
cell, and describe an experiment to illustrate the effect. Why 
is there no polarisation when a solution of copper sulphate is 
electrolysed using copper terminals ? 

8. Calculate the cost for current of depositing 1 gram of 
copper by electrolysis, assuming that a current of i ampere 
can ^ obtained for one penny per hour. The electro¬ 
chemical equivalent of copper is 0*000328 gram per coulomb 


CHAPTER XI 


THE VOLTAIC CELL—ELECTRO-MOTIVE 

FORCE 

334 . The Voltaic Cell.—It has already been noted that if 
a plate of copper and a plate of zinc are immersed in dilute 
acid a difference of potential is set up between the two metals, 
which is maintained as long as the cell is in working order. This 
difference of potential is known as the electro-motive force of 
the cell, and depends on the nature of the two metals and the 
excitmg fluid. Cells may be formed of other pairs of metals 
and with other electrolytic fluids between the plates. It is 
only necessary that the two metals should be different, and 
that one of them should be acted upon chemically by the 
liquid surrounding them. 

The mechanism by which the potential difference is pro¬ 
duced is not yet satisfactorily explained. The source of 
the energy of the current produced by the cell is the 
chemical energy liberated during the action of the exciting 
fluid on the metal. When zinc dissolves in sulphuric acid, 
energy is liberated in the form of heat. When, however, the 
action takes place in the voltaic cell, this energy is liberated 
not ^ heat but as the energy of the electric current. It is 
possible to calculate the electro-motive force of a voltaic cell 

rom a knowledge of the energy of the chemical changes which 
take place in the cell. 

Since there is no accumulation of electrical charge at any 
^mt in a current circuit, the same quantity of electricity must 
ow across every cross-section of the circuit in a given time, 
he phenomenon is, in fact, very much like the flow of water 
t rough a closed system of pipes. Thus, as a current flows 
rom the copper to the zinc plate along the wire joining them. 

It nmst complete the circuit by flowing from the zinc plate 
copper plate within the cell itself. Keeping to the 
ydrostatic analogy, we may regard the cel! as a sort of 
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automatic pump taking in electricity at a low pressure and 
giving it out at a high pressure, and thus maintaining a circu¬ 
lation of electricity round the circuit. The difference in 
pressure on the two sides of such a pump is analogous to the 
electro-motive force of the cell. 

335 . Polarisation of the GelL—Since the liquid between 
the plates of the cell is an electrolyte and a current is passing 
through it, the plates tend to become polarised, in just the 
same way as the plates in a voltameter. Thus, in the case of 
the simple cell, hydrogen is deposited on the copper plate and 
forms a polarising layer on it. Now this polarising layer, as we 
have seen (§ 333), sets up a potential difference in the opposite 
direction to that which produces it. The current within the 
polarised cell tends to flow from the hydrogen to the zinc instead 
of from the zinc to the copper. On this account, as the hydrogen 
accumulates, the effective electro-motive force of the cell rapidly 
falls, and finally the cell ceases to furnish any useful current. 

The presence of the layer of hydrogen, which is a bad con¬ 
ductor of electricity, also tends to reduce the current by inter¬ 
posing a badly conducting substance in the path of the current. 
The current given by a simple cell thus rapidly falls to a very 
small value if the cell is used for any length of time. 

336 . Depolarisation.—The polarisation of a cell can 
obviously be prevented if we can ensure the removal of the 
polarising layer of hydrogen as fast as it is formed. A simple 
cell can be restored to action by taking out the copper plate 
and cleaning it. It can also be kept working by brushing 
off the'hydrogen as it forms by some sort of scraper. These 
methods are obviously inconvenient. It is better to remove 
the hydrogen by surrounding the plate with some substance 
which will act upon the hydrogen chemically. The different 
forms of cell ^in common use are all designed to overcome 
the polarisation of the electrodes. 

337 . The Daniell Cell.—The most satisfactory arrangement 
is one due to Daniell. The zinc plate Z (usually a cylindrical 
rod) is contained in a porous pot P (Fig. 266) containing 
dilute sulphuric acid. The porous pot is placed in a wider 
copper vessel containing a saturated solution of copper 
sulphate. The copper vessel forms the copper plate of the 
cell, while the copper sulphate solution is the depolarising 
fiuid. The porous pot prevents the mixing of the two fluids 
in the cell without interfering with flow of the current. 
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When a current is allowed to flow by joining the two poles 
of the cells, the acid acts upon the zinc^ forming zinc sulphate, 

and liberating hy* 
drogen ions which 
pass from the zinc 
towards the copper 
vessel. On entering 
the copper sulphate, 
however, the hydro¬ 
gen ions replace the 
copper in the com¬ 
pound, forming sul¬ 
phuric acid and 
liberating copper 
ions which travel 
on with the current, 
and are finally 
deposited on the 
copper vessel. Thus 

. , . , . , copper instead of 

hydrogen is deposited on the copper plate. As the nature 
of the plate is not changed, there is no polarisation. 

Commercial zinc usually contains iron, carbon, and other 
impurities. When immersed in acid small voltaic cells are 
set up along the surface of the rod between the zinc itself 
and these impurities. This causes a continuous wastage of 
the zinc, without adding anything to the main current from 
the cell. This “ local action,*^ as it is called, can be partly 
prevented by amalgamating the surface of the rod with 
mercury, but it cannot be completely stopped, and the zii^r 

rod should always be removed from the acid when the cell is 
not m use. 

The Daniell cell gives a very constant electro-motive force, 

and IS much used in experiments where a constant current is 

required. Its disadvantages are that the E.M.F. of the cell 

is rather small, and that it requires to be taken to pieces when 
not in use. 

338 . The Bichromate CelL—In this arrangement the 
hydrogen formed is oxidised by mixing an oxidising agent, 
potassium bichromate, with the sulphuric acid. As only 
one fluid is employed, no porous pot is required. As a 
maxture of sulphuric acid and bichromate acts on copper. 


f ^-fc 


Oilube 
6 ulphur ic 
acid 



Cu 


Co 


sulphate 
solution 


Fig. 266.—The Daniell Cell 
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the copper plate is replaced by one of carbon, which functions 

positive plate of the ceU. As generaUy constructed 
(Fig. 267), the cell 
has two carbon plates, 
one on each side of 
the zinc plate. These 
carbon plates are con¬ 
nected together, and 
form the positive pole 
of the cell. The zinc 
is mounted on a long 
sliding rod, so that it 
can be drawn up out 
of the liquid when the 
cell is not in use. 

This cell has a large 
E.M.F., and is cap¬ 
able of producing a 

considerable current, Fig. 267.—The Bichromate Cell, 
which, however, is not 

so constant as that of the Daniell. The fluid is highly cor¬ 
rosive, and the zinc plate must be taken out of the solution 
as soon as the current is no longer required. 



Bichromate 

solution 


Carbon plate 



Crushed 
MnOj and 
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Zinc rod 


Solution of 
a mm - chloride 


Fig. 268.—The Leclanch^ CelL 


339 . The Leclanchd CelL—The Leclanch^ cell differs from 
the previous ones in employing a solution of ammonium 
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chloride, instead of sulphuric acid, as the exciting fluid. The 
negative plate is, as usual, a rod of zinc—the positive plate 
being made of carbon. When a current is allowed to flow, 
zinc passes into solution, displacing the NH^ radicle, which 
passes to the carbon plate, where it splits up into ammonia and 
hydrogen. The carbon plate is surrounded with a depolar¬ 
ising mixture of crushed charcoal and powdered manganese 
dioxide, which gradually oxidises the free hydrogen into 
water. This mixture may either be contained in a porous pot 

(Fig. 268) or compressed into a solid mass around the carbon 
plate. 

The depolarising action of the solid mixture is slow, so 
that if the current is allowed to flow for any length of time 
the cell becomes polarised. The polarisation is gradually 
destroyed if the cell is allowed to stand. The Leclanche 
cell is, therefore, not suitable for continuous work. It has, 
however, the great advantage that the exciting fluid has no 
action upon the zinc when the current is not flowing. The 
cell can, therefore, be left in working order for any length 
of time without deterioration, and is thus exceptionally 

useful for such purposes as ringing electric bells, or working 
a telephone. 

The “ dry ” cell, now so largely used in flash lamps, is 

practically an imspillable Leclanche cell. The outer case 

of zmc serves as the negative pole. The carbon rod is 

placed m a canvas bag containing manganese dioxide and 

powdered coke mixed into a paste with ammonium chloride 

zinc chloride, and flour. The cell is then filled up with a 

paste of ammonium chloride and either flour, plaster of Paris, 

or pulp, and the top covered with bitumen, to keep the whole 
m position. 

340 . The Accumulator, or Secondary CeU.—In the cells 
we have just described the current is produced by the con¬ 
sumption of the zinc plate, which is chemically acted upon 
by the exciting fluid. It is much more economical to 
produce an electric current by the action of machines known 
as dynamos or generators (§ 367), and all the current 
used commercially is generated in this way. For many 
purposes, however, a more portable source of current is 

required. The difficulty can be solved by the use of an 
accumulator. 

If we pass a current through a hydrogen voltameter, 

32 


we 
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have seen that a current may afterwards be obtained from it by 
joining the electrodes by a wire. The instrument acts as 
a cell, and is in fact a sort of accumulator or secondary 
battery. Part of the energy given to the apparatus by the 
primary electric current is stored in it in the form of chemical 
energy, and is transformed again into electrical energy when 
the electrodes are joined. As the quantity of gas which can 
be condensed on the electrodes is small, this form of secondary 
cell is of no practical use. 

The ordinary accumulator consists of two lead plates, 
stamped in the form of grids and packed with lead oxide. 
If a pair of these is immersed in sulphuric acid, and a current 
passed from one to the other, chemical changes take place 
in the plates, resulting in the formation of lead peroxide on 
the one plate, and of metallic lead on the other. If the 
charging current is stopped, and the plates joined by a wire, 
a current flows through the wire from the highly oxidised 
plate to the oxidisable plate, just as it flowed in the polarised 
voltameter from the oxygen to the hydrogen. 

If the current is allowed to flow, the condition of the two 
plates changes, the positive plate being reduced to lead oxide, 
while the negative plate becomes oxidised again. It must 
be noted that the energy is not stored in the accumulator in 
an electrical form. It is converted into chemical energy, and 
only resumes its electrical form when the cell is allowed to 
give a current. 

The electro-motive force of the accumulator is practically 
constant during the greater part of the discharge, at a value 
nearly twice that of a Daniell cell, and only begins to fall 
when the accumulator is nearly exhausted. The cell can 
then be recharged by passing a current through it, in the 
reverse direction to that of the current which the cell itself 
gives when discharging. Thus to charge the cell, the posi¬ 
tive terminal of the cell must be cormected to the positive 
terminal of the supply. The quantity of electricity which 
can be obtained from such a cell after a full charge is 
proportional to the area of the plates, and is very considerable. 
Accumulators made to fit an ordinary pocket flash-lamp will 
furnish a current of half an ampere for ten hours on a single 
charge ; while the larger batteries used for motor-car igni¬ 
tion, etc., will give a current of i ampere continuously for a 
hundred or more hours. 
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The capacity of the cell is measured by the number of 
hours for which it will furnish a current of one ampere ; 
i.e, it is expressed in ampere-hours. The ampere-hour is 
obviously a quantity of electricity, and is equal to i x 60 x 60 
coulombs. 

341 . Units of Potential Difference, and Electro-Motive 
Force.—The difference of potential between two points has 
been defined (§ 294) as the work done in moving unit 
quantity of electricity from the one point to the other against 
the electric field. Two points are said to be at unit difference 
of potential if i erg of work is expended in moving i unit of 
charge from one point to the other. The magnitude of the 
unit, therefore, depends on the size of the unit of charge. 

On the absolute electro-magnetic system of units— Unit 
difference ofpoteniialis thepotential difference existing between 
two points when 1 erg of work is spent in moving i absolute 
electro-magnetic unit of charge from the one point to the other. 

This unit of potential difference is very small indeed, being 
rather less than one hundred-millionth of the potential 
difference between the poles of a Daniell cell. For practical 
purposes a potential difference equal to one hundred million 
(10®) times the absolute unit is taken as the unit of potential 
difference. It is known as the volt. 

Thus— 

1 V0LT = 10B Abaolate ElectFo-Hagnetio Units of Potential. 

Electro-Motive Force is often used as equivalent to 
potential difference. Strictly speaking, ike electro-motiveforce 
of a battery is the potential difference between its poles when on 
open circuit —that is to say, when the poles are not connected 
by a conductor and consequently the cell is giving no current. 
It is often used loosely as simply equivalent to potential 
difference. Since, in either case, electro-motive force is a 
potential difference, it is measured in the same units—that 
is, in volts. 

Since the potential difference is measured in volts it is 
often spoken of as the voltage. The E.M.F. of a Daniell 
cell is I*08 volt; that of a Leclanch<5 about 1*4 volt; and 
that of an accumulator, 2*2 volts when fully chargt-d. Instru¬ 
ments have been designed which measure potential clifferenec 
directly in volts. They are known as voltmeters (§ 357*). 

342 . Electrical Energy and Power.—It follows immediately 
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from our definition of unit potential difference that the work 
done in moving a quantity of electricity Q through a difference 
of potential E is given by 


W ~ E . Q ergs 


when E ^d Q are both measured in absolute units. Now 
the practical unit of charge, the coulomb, is one-tenth of the 
absolute unit, while the practical unit of potential difference 
is lo® absolute units. Hence the work W done in moving 
I coulomb through a potential difference of i volt is given by 

W = I o® X — =10“^ ergs 

10 


T?u work done when i coulomb is moved through a potential 
difference of i volt is known as a joule. The Joule is thus the 
practical electrical unit of work or energyy and 

1 JOULE = 10*^ ergs 


By the conservation of energy work will be done by the 
electricity if it is allowed to flow from the higher to the lower 
potential. Thus i coulomb of electricity in falling through 

a potential difference of i volt is capable of furnishing r joule_ 

that is, ergs of work. 

Since a coulomb is the quantity of electricity passing when 
a current of i ampere flows for i second, Q = C . / where C 
is the current in amperes and / the time of flow in seconds. 
Hence the work done by a current C amperes flowing for 
t seconds between two points differing in potential by E volts 

is given by W= E . C joules 

= E . C . / X I ergs 


Power IS the rate of doing work (§ 38). Hence electrical 
power is the rate at which the electrical current is doing work. 
The unit of electrical power is the watt. 

The watt is the poiver expended when the current is doing 
work at the rate of i joule per second. 

It is, therefore, the rate of working in a circuit when a 
current of i ampere is flowing between two points at a 
potential difference of 1 volt. 

In engineering, a kilo-watt, or 1000 watts, forms a suitable 
unit of power. The energy supplied by a circuit working at 
the rate of i kilo-watt for one hour is known as the kilo- 
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watt hour, or the Board of Trade unit, and is the ** unit” 
mentioned in the quarterly accounts of electric supply 
companies. It is obviously a unit of energy, and is equal 
to 10® X 60 X 60 — that is, 3*6 x 10® joules, or 3-6 x 10^® 
ergs. 



CHAPTER XII 


OHM’S LAW—RESISTANCE 

343 . Resistance in Conductors.—Although a conducting 
metallic wire allows a current to pass through it, it does not 
do so without impeding the free flow of the electricity to a 
greater or smaller extent. Thus, if we connect a Daniell cell 
in series with a tangent galvanometer by pieces of short thick 
wire, and, after noting the deflexion, substitute for one of the 
short wires a long piece of thin wire, the deflexion in the 
second case will be less than in the first. The electro-motive 
force of the cell remains the same, but the current supplied 
by it is reduced. The same E.M.F. produces a smaller 
current in the long thin wire than in the short thick wire. 
In other words, the wire, though a conductor, offers resist¬ 
ance to the passage of the current. 

344 . Relation between Current and Potential Difference.— 
Suppose we take a metallic conductor, say, for example, a 
long copper wire, and connecting it in series with an ammeter 
or tangent galvanometer to measure the current, pass a current 
through it from a constant battery. As electricity is flowing 
from one end of the wire to the other it is obvious that a 
difference of potential exists between its ends. This difference 
of potential can be measured by means of a quadrant electro¬ 
meter (§ 299). Quadrant electrometers are now made suffi¬ 
ciently sensitive to record a potential difference of as little 
as a thousandth of a volt, and the measurement can thus 
be made with considerable accuracy. 

LfCt us now increase the current through the wire (by 
increasing the number of cells in the circuit), and again 
measure both the current and the potential difference between 
the ends of the wire. It will be found that if the current 
is doubled, the potential difference is also doubled; if the 
current is trebled, the potential difference is also trebled, and 
so on. In fact, the potential difference between the ends of 
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the given conductor is directly proportional to the current flow¬ 
ing through it. The experiment can be repeated with other 
metallic conductors of different sizes, materials, and shapes ; 
or it may be varied by taking a conducting wire and connect¬ 
ing tivo joints on it to the terminals of the quadrant 

electrometer. If the wire is uniform and the current remains 
constant, it will be found that the potential difference is 
directly proportional to the length of wire between the points. 
For the same two points, however, it will be found that the 
potential difference between them will be directly proportional 
to the current flowing through the wire. 

J^or a given conductor the ratio of the potential difference 
between its ends to the current flowing through it is a constant 
for the conductor under given physical conditions. 

This important relation is known as Ohm's law. 

Thus, if E is the difference of potential between the ends of a 
conductor, and C the current in it, then, by Ohm’s law, 

E 

g = constant 


Further, if E is the potential difference between any two 


points on a conductor carrying a current C, then 


E . 

IS a con¬ 


stant for the given two points under given physical conditions. 

Since the potential difference between two points is the 
electrical condition which determines the flow of electricity 
from one to the other, we may regard the current in the con¬ 
ductor as being caused by the difference of potential between 
its ends. In other words, we may regard this potential 
difference as an electro-motive force acting along the conductor. 
Ohm’s law thus shows us that— 

The current produced in a given conductor is directly 
proportional to the applied electro-motive force. 

345 . Deflnition of Electrical Resistance.—The important 


E 

ratio which, as we have seen, is a constant for a given con- 

ductor, will serve as a measure of the resistance offered by 
the conductor to the passage of the current. If the con¬ 
ductor offers much resistance to the passage of the current, 
then a large E.M.F. will be required to produce a given 


E 

current in it, and the ratio — will be large. On the other 
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hand, if the conductor offers little resistance to the current, a 
comparatively small E.M.F. will be sufficient to produce* a 

considerable current through it, and the ratio 5 will be 

small. 

The ratio of the electro-motive force between the ends of a given 
conductor to the current passing through it is known as the 
electrical resistance of the conductor. 

The electrical resistance of a conductor is thus defined as 
the ratio of the potential difference between its ends to the 
current passing through it. 

By Ohm's law this ratio is a constant for a given con¬ 
ductor under given physical conditions. 



Fig. 269. —Conductors arranged in Series. 


Thus, for a given conductor. 



where R is by definition the resistance of the conductor. 
This relation may also be expressed in the forms 


E=C . R 


and 



A conductor is said to have unit resistance if unit difference of 
potential between its ends produces unit current in it. 

On the practical system of units a conductor will have unit 
resistance if a difference of potential of i volt between its ends 
produces a current in it of i ampere. 

This unit of resistance is known as the ohm. Thus_ 

= R (ohms) 

346 . Resistance of Conductors in Series.—If a number of 
conductors are connected end to end, so that the current 
flows in succession through each of them, they are said to be 
connected in series. Thus the wires AB, BC, CD in Fig. 
269 are connected in series. Since there is no accumulation 


E (volts) 

C (amperes) 
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of electricity anywhere in the electric circuit the same current 
will flow in each of the conductors. 

Let E(,, ... be the potentials of the points A, B, . . . 
and let rg, . . . be the resistances of the conductors 
AB, BC, . . . Then the potential difference between A and 
B is E<i—Eft and by Ohm’s law we have 

E„-Eft = Cr, 

where C is the current passing through the conductors. 
Similarly— 

E^ Ejj = 


Hence the whole difference of potential E between the ends 
of the system =(E„ —£*) +(E* —E<:)+ . . . 

• « » 

= C (rj + r 24 - . . .) 

But by definition—= R, where R is the resistance of the 
system of conductors. Hence— 

R = . . . 

T'he resistance of a number of conductors in series is equal to 
the sum of their separate resistances. 

347 . Resistance of a Number of Conductors in ParalleL_ 

If the same two points are 
connected by two or more con¬ 
ductors so that the current 
may pass from one point to the 
other by two or more paths, 
the conductors are said to be ^ ^ , 

in parallel or less usually in 
multiple arc. 

Thus A, B, and C (Fig. 270), each of which joins the 
points P and N, are said to be in parallel. In this case the 
potential difference between the ends of each of the con¬ 
ductors is the same, but currents of different magnitude flow 
down the three paths. Let be the current in A, and and 
Cf. those in B and C, while /-ft, are the resistances of the 
conductors A, B, and C. The current C flowing in at the 
point P divides into three branches to reunite again at N. 
The quantity of electricity flowing in at P in a given time must 
be equal to the quantity flowing out through the paths A, B, 
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and C in the same time, since there is no accumulation of 
charge at P. Hence— 


^ 4 " 


Also, if E is the potential difference between P and N we 
have, applying Ohm’s law to each of the conductors. 


E 


''a 


^6 = 


E 




E 




a 


But, if R is the resistance between P and N, C — 


E 

R 


i = —H-- + - 

X 


The reciprocal of the resistance of a number of conductors in 

parallel is equal to the sum of 
the reciprocals of the separate 
resistances. 

Tile reciprocal of the resist¬ 
ance is termed the conductance 
of the conductor. 

Fig. 271.—Theory of Shunts. 348 . Theory of ShuntS,_If 

two conductors PAN and PBN 
(Fig, 271) are connected in parallel, the current C in the circuit 
will divide itself between them according to their resistance. 
Let and be the currents in the conductors PAN and 
PBN, and and r^ their resistances. Since there is no 
accumulation of electricity at any point, the current C 
flowing into P must be equal to the sum of the currents flow¬ 
ing away from P, that is— 

C„ + C(, 

By Ohm’s law, the potential difference between P and N is 
equal to if we consider the conductor PAN, and also 

to if we consider PBN. Thus— 
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The currents in the conductors are inversely proportional to 
their resistances. 

If we substitute the value of C5 obtained from this equation 
in the former one, we have 

c=c„+^. c« 

-. c 

The conductor PBN is called a shunt circuit, or simply a 
shunt across the ends of the conductor PAN, which in turn 
is said to be shunted by the conductor PBN. For example, 
if PAN represents a galvanometer, or ammeter, and PBN a 
resistance coil connecting the terminals of the instrument, the 
instrument is said to be shunted by the resistance PBN. 

It will be seen that the effect of shunting a galvanometer is 
to reduce the current passing through it by a definite fraction, 
which can be calculated if the resistances of the galvanometer 
and its shunt are known. If G is the resistance of the 


galvanometer and S that of the shunt across its terminals, 
our equation shows us that the current in the galvanometer is 
given by 



S 

G + S 



where C is the current in the circuit. 


This result is frequently applied to reduce the sensitiveness 
of an ammeter or galvanometer in a known ratio. Thus if 
we have an ammeter which reads up to 1*5 ampere, and we 

shunt it with a resistance exactly -J-th that of the ammeter itself, 

c 

the current in the ammeter is reduced to =-that is, 

G + S 

^G 

I Q or ^th of the current in the main circuit. Thus a 
reading of i *5 when the ammeter is shunted corresponds to 


1*5 X 10, t.e., 15 amperes in the main circuit. The range of 
the instrument can thus be increased to any desired extent 
by the use of a proper shunt. Such shunts are generally 
supplied with the instrument by the makers. 

349 . Specific Resistance.—It can be shown by experiment 
that the resistance of a uniform wire is directly proportional to 
Its length, and inversely proportional to its area of cross-section. 
It also depends on the nature of the substance from which 
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the wire is made. Thus if / is the length of the wire, a its 
area of cross-section, its resistance R is given by the equation 



/ 



where ^ is a constant depending only on the material of the 
wire, and is known as the specific resistance. 

T*Ae specific resistance of a substance is the resistance offered by 
a cube of i cm, edge of the substance to a current flowing through 
it parallel to one of the edges. 

350 . Current in a Complete Circuit.—-The current which 
will be produced in a given circuit by a given battery can be 
calculated by Ohm’s law. If E is the electro-motive force of 
the battery (that is, the potential difference between its poles 
on open circuit) and R the total resistance of the circuit, the 
current C will be given by the relation 



In using the equation it must not be forgotten that the 
battery itself offers a resistance to the current. Thus if R' 
is the total resistance of the conductors joining the poles of 

E 

the cell, it is found that the current C is not equal to ^-7 but 

XV 

E 

to fw—=5, where B is a constant which depends upon the 

battery. It measures the resistance which the battery itself 
offers to the current, and is known as the intemal resistance 
of the battery. This resistance must be taken into account 
in calculating the current which the battery will give. Its 
value depends upon the kind of battery used. Thus, if a 
circuit consists of a battery of E.M.F. E and intemal resistance 
B, a conductor of resistance R, and, say, an ammeter of resist¬ 
ance R', then the current in the circuit is given by 


R + R' + B 

The intemal resistance of a single cell depends upon the 
way it is made up. It is usually of the order of i ohm. 
Thus the maximum current which can be obtained from, say, 
a Daniell cell with an E.M.F. of 1*08 volt and an internal 
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resistance of i ohm would be i‘o8 ampere. Accumulators 
have a very small internal resistance, and hence should 
never be short-circuited, as the large current which would 
result would seriously damage the plates, 

351 . Combination of Cells in Series and in ParalleL_If a 

number of cells are connected in series (that is to say, with 
the positive plate of the one cell joined to the negative* plate 
of the next, and so on), the E.M.F. of the whole battery is 
equal to the sum of the E.M.F.*s of the individual cells. 

If a number of similar cells are connected in parallel (that 

is, with all their positive poles connected together and all 

their negative poles connected together), the system is 

equivalent to a single cell but with plates of much larger size. 

The E.M.F. of the battery is thus equal to that of a single 
cell. ® 

The current produced by either of these arrangements 

through a conductor of resistance R can be calculated by 

Ohm s law. Let there be n cells each of resistance and 
E.M.F. e. 

I. Cells in Series. —The E.M.F. of the battery will be the 
sum of the separate E.M.F.’s, that is, « . and the resistance 

separate resistances of 
the cells, that is, n . b. The current C produced through an 
external resistance R will therefore be given by 


C = 


Ft 


R n . b 


II. Cells in Parallel -The E.M.F. of the battery will be 

simply that of any one of the cells, that is. The resistance 
of the battery, however, will be that of n equal conductors 

each of resistance b connected in parallel, that is, —. 

wii7b: grveTby'' R 

^ n . e 




R-f,l ~nR~^b 

n 


arrangements, series or parallel will 
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In practice it is more accurate to measure the resistance 
of an unknown conductor by comparison with that of a 
conductor of known resistance. 

353 . Hesistance Boxes,—A length of wire C (Fig. 273) has 

its ends connected to two ter¬ 
minals A and B, on a wooden 
bobbin D. The wire, which 
is insulated by a covering of 
silk thread, is bent back upon 
itself as shown in the figure, 
and then wound upon the 
bobbin, the layers being pro¬ 
tected by a final covering of 
wax. This arrangement forms 
what is known as a resistance 
coil, or simply a resistance. 
The length of the wire is 
adjusted by the maker so that 
the resistance between the ter¬ 
minals has some definite known value which is stamped upon 
the bobbin. 

A set of such resistances are often mounted in a box, 
known as a resistance box (Fig. 274). In this case the ends 



Fig. 274.—Construction of a Resistance Box. 


of the wires are soldered to a succession of brass blocks on 
an ebonite slab, arranged so that the gaps between the 
blocks can be closed by metal plugs. If all the gaps are 
thus filled up, the current flows from one terminal of the box 
to the other, entirely through the brass blocks and plugs. 
These, being very thick, have a negligible resistance. If, how- 


A B 



Fig. 273. —Construction of a 
Resistance Coil. 
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ever, one of the plugs is withdrawn, the current is compelled 
to flow through the cori:esponding resistance coil, and its 
resistance is added to the circuit. If all the plugs are with¬ 
drawn, the current passes through all the resistances in series 
and the totol resistance in the box is then the sum of the 
separate resistance coils. The resistances are usually graded 
like a set of weights, so that by withdrawing the proper plugs 
any resistance can be obtained from that of the smallest coil 
up to the whole resistance of the box. 

354 . Comparison of Resistances by a Tangent Galvano¬ 
meter, or A mm eter.—Connect a resistance box in series with 
a tangent galvano¬ 
meter, or ammeter, 
and a battery of 
constant E. M. F., 

€.g,, a Daniell cell. 

Make a series of 
observations of the 
current flowing 
through the circuit 
with different re¬ 
sistances in the 
box. The current 
will, of course, de¬ 
crease as the re¬ 
sistance of the box Fig. 275.— Measurement of Resistance by 
is increased. A Tangent Galvanometer—Relation between 

curve can now be ^ 

plotted, showing 

the relation between the resistance in the box and 
the reciprocal of the current through the ammeter, or 

galvanometer. Since R= 5 ^ and E is constant, this curve 

will be a straight line, as shown in Fig. 275. The straight 
me will not pass through the origin, because when there is 
no resistance in the box there is still resistance in the circuit, 

battery and the galvanometer, both of 
wtuch offer resistance to the current. The current therefore 
as a finite value even when there is no resistance in the 

i ^ produced to cut the axis of resistances 

n , then OX measures the resistance of the battery and 
galvanometer on the scale of the curve. 

33 
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To find the value of a given unknown resistance, remove 
the box from the circuit, substitute the unknown resistance 

in its place, and find the corresponding value of Mark 

this on the curve. The corresponding value of the resistance 
can then be read off on the horizontal axis. Thus if OA is 

the value of -i, the corresponding point on the curve is P, and 

ON is the value of the unknown resistance. 

As relative measurements only of the current are required, 
it is not necessary to know the reduction factor of the galvano¬ 
meter. It will suffice to plot the values of —^— where 0 is 

tan d 

the deflexion of the galvanometer along the vertical axis, and 

the corresponding values 
of R along the horizontal 
axis. 

355 . Comparison of Re¬ 
sistances by the Wheat¬ 
stone Bridge.—Let ABC 
and ADC (Fig. 276) be 
two conductors in parallel. 
The potential along each 
conductor falls from A to 
C- Hence, if we take 
any point B on the con¬ 
ductor ABC it will be 
possible to find some 
point on ADC which 
has the same potential as B. This can be done experi¬ 
mentally by connecting B through a sensitive galvanometer 
to a point D on ADC, and moving the connector about 
until there is no current flowing through the galvanometer. 
When this is the case, B and D must be at the same potential, 
otherwise, since BD is a conductor, a current would flow from 
the higher to the lower of the two potentials. 

Suppose that the point D has been found. Let Cj be the 
current along the conductor AB, and r-g that along AI^ 
There is no current along BD, and hence the current in BC 
is equal to that in AB, and the current in DC to that in AD. 



Fig. 276.— Principle of the Wheatstone 

Bridge. 


Let E 


E^, and Ej be the potentials at the points A, B, 
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C, and D, and let P, Q, R, and S be the resistances of the 
four arms AB, BC, AD, and DC Then, applying Ohm’s 
law to each of the conductors, 

E,_E,==r,P 

But, since the Ej,= E(i 

e,-e,==e„-e^ 



Fig. 2 ^ 7 .—The Wheatstone Bridge. 


Q P 

^ or _ 

s n 


Similarly, since E* —E, = Ej—E„ 

fiQ = ‘f’gS 

5 =fk. 

S 

. 1=^9. or 

" R S Q“ s 

“^^Tc’uLed"^^ resistances are known, the fourth can 

bridee^ ej^eriment can be carried out with a Wheatstone 
bndg^ This IS shown diagrammatically in Fig 277 A 

wiih fwo ‘"caL" of negligible resistance fs fu”/shed 

CO Is P and 0 "a over by resistance 

A aL r uniform wire is stretched between 

metef to a 'T '?> ‘^“""^oted to A and C, and a galvano- 

^rmTnal of rh^'^f between the gaps. The remaining 
terminal of the galvanometer is joined to a sliding contart 
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which be arranged to make contact with any point of the 
wire AC. 

The current is allowed to pass, and the sliding contact 
moved along the wire until some point D is found at which 
there is no deflexion in the galvanometer. This point D is 
then at the same potential as B. 

If P and Q are the resistances of the two coils, and R and 
S those of the portions AD and DC of the wire respectively, 
then, by the above analysis, 

JP^R 

Q S 

(The two diagrams are lettered to correspond.) But the 



resistance of a uniform wire is proportional to its length. 
Hence, if d. and are the lengths of the portions AD and 

^ R 

DC of the stretched wire, ^ — :r- Hence finally— 

Q d^ 

d and can be measured on a metre scale fastened along¬ 
side the wire. Thus, if Q is a resistance coil of known 
resistance, the value of the resistance of the coil P can be 

determined. ... ^ , -..fi. 

356. The Post-OfB-ce Box.—The principle of the Wheat- 

stone bridge can also be carried out with a special box of 
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resistance coils, first designed for the measurement of the 
resistance of telegraph wires, and known as the post-o^e 
box. It is shown diagrammatically in Fig. 278, which is 
lettered to correspond with the previous diagrams, and shows 
the relation between them. The arms AD and AC are 

known as ratio arms, and the ratio of ^ can be made either 


I : I, 10; I, or 100 : i, as required, by withdrawing the 
proper plugs. The remaining arm of the box is arranged 
to give any whole number of ohms from i to 10,000. As 
before, the battery is connected from A to C, and the galva¬ 
nometer from B to D, the unknown resistance being con¬ 
nected from B to C to form the fourth arm of the bridge. 
For convenience, a tapping key is inserted in the galvanometer 
circuit. Comparing the arrangement with the previous 
diagrams, we see that the condition that there shall be no 
current in the galvanometer circuit is given by 


P 

Q S 

The values of P, R, and S can be read off on the box. 

If we start with the ratio arms equal, by taking out, say, 
10 ohms in each, a balance will be obtained when the re¬ 
sistance in P is equal to the unknown resistance Q, As 
however, the box is graduated by steps of i ohm, it will not 
usually be possible to get an exact balance. We shall find 
that the resistance required lies between two values differ¬ 
ing by I ohm—say, between 6 and 7 ohms. To obtain 

a closer approximation, we make the ratio — equal to lo : i, 

s ^ 


so that P must equal loQ for a balance. Since Q lies between 
6 and 7 ohms, P must now be between 60 and 70 ohms for the 
bridge to be balanced. By removing the intermediate plugs, we 
find that the balance point is, say, between 63 and 64 ohms. 
The value of Q thus lies between 6-3 and 6*4 ohms. By making 

^ second decimal place can be obtained 

357 . Companson of E.M.F.'s by the Tangent Galvanometer. 

If a battery of E.M.F. is connected in scries with a tangent 

galvanometer, the current through the galvanometer will be 
given by 
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where Rj is the resistance of the whole circuit—that is, of the 
galvanometer, battery, and connecting wires. Similarly, if a 
second battery of E.M.F. Eg is substituted for the first, the 
current Cg will be given by 



where Rg is the resistance of the circuit. 

Now the resistances of different batteries are not necessarily 
the same, so that we cannot assume that Rg is equal to R2. 
On the other hand, the resistance of a battery is generally 
quite small (i or 2 ohms), so that if the galvanometer used 
has itself a high resistance, or if a fixed high resistance is 
joined in series with the galvanometer, the resistance of the 
battery will be a negligible part of the resistance of the whole 
circuit. Thus, with a high resistance galvanometer (say, 400 
ohms), we may without appreciable error put Rg—Rj, pro¬ 
vided that neither battery has a resistance of more than a few 
ohms. Under these circumstances, we have 



For a tangent galvanometer where C=k tan we have 

^_tan 

Ej tan 

357 *. Voltmeters.—The principle of the experiment just 
described is embodied, in a more convenient form, in the 
instruments known as voltmeters. The most accurate form 
of voltmeter is simply a moving coil galvanometer in series 
with a fixed high resistance. The working part of the instru¬ 
ment is identical with that of the moving coil ammeter (§ 321). 
The only distinction between the two instruments is that in 
the ammeter the terminals are connected bya shunt of suitable 
low resistance, whereas in the voltmeter a coil of suitable high 
resistance is permanently connected between the terminals 
of the instrument and the moving coil (Fig. 2‘jga). The 
ammeter is thus a low resistance instrument, and is con¬ 
nected in series with the circuit in which it is desired to 
measure the current; the voltmeter is a high resistance 
instrument, and is connected as a shunt across the two points 
in the circuit between which it is required to measure the 
potential difference. 
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A numerical example will make the matter clearer. Sup¬ 
pose that the moving coil instrument, when used without a 
shunt, gives its full scale deflection when the current in the 
coil is 15 milliamperes (0-015 amp.), and that its internal 
resistance is 5 ohms. To convert it into a voltmeter we must 
connect in series with the moving coil a resistance R of such 
magnitude that when the maximum E.M.F. which we wish 
to measure (say, 1*5 volt) is applied to the ends of the circuit 
it produces through the instrument a current of 15 m.a., thus 
producing the full scale deflection. Since the instrument 
itself has a resistance of 5 ohms, we have 


^•5 

R + 5 




R+5 = ioo ohms 
R=95 ohms. 




Fiu. 279a. —The Moving Coil Instrument as Ammeter 

and Voltmeter. 


Thus if the total resistance of the moving coil circuit is made 

including a 95 ohm resistance in series, an 
of i‘5 volt applied to the terminals will produce a full 
scale deflection. This deflection can then be labelled 1-5 volt 
and the remainder of the scale can be graduated proportion- 
aljy, since the moving coil instrument has a uniform scale. 

10 use the same instrument as an ammeter, reading to 
yS ampere, the series resistance would be removed and the 
terminals connected by a shunt of resistance S, such that 
when the current in the main circuit is 1-5 ampere the 
current through the instrument is 15 milliamperes. Thus 

<>'015=-— . 1.5 ; s = -^ ohm. 

Sd-Jf 99 
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When the instrument is to be used for one purpose only, e.g. 
either as a voltmeter only, or an ammeter only, the necessary 
resistances are included in the case of the instrument, and 
the scale is graduated in volts or amperes. Just as the range 
of an ammeter can be extended by the use of shunts (§ 348) 
connected across its terminals, so the range of the voltmeter 
can be extended by appropriate high resistances connected 
in series with the instrument. Thus, in the case of the instru¬ 
ment just described, if an additional 900 ohms were placed 
in series with it, making a total of 1000 ohms in all, a potential 
difference of 15 volts would be required between the ends of 
the circuit to produce the full current of 15 milliamperes. 
The full scale deflection would thus be produced by a P.D. 
of 15 volts, and the actual P.D. would be obtained by 
multiplying the reading of the voltmeter by ten. 

The voltmeter only gives correct values for the E.M.F. 
of a battery if its resistance is large compared with that of 
the battery, as the current taken by the instrument itself 
produces some drop in the voltage. Suppose that a volt¬ 
meter with an internal resistance of 100 ohms is connected 
across the terminals of a Leclanche cell of E.M.F. 1*5 volt, 
and internal resistance 5 ohms. The current in the volt¬ 
meter will be ——, or o‘oi43 amp. But a potential differ- 

100+5 , ,, 

ence of 1*5 volt between the terminals of the voltmeter would 
produce a current of 1*5/100 or 0*015 amp., and the corre¬ 
sponding deflection would be graduated as 1*5 volt. Thus 
the actual reading given by the voltmeter when connected 

to the cell would be i’5, or 1*43 volt ; the voltmeter 

•015 

will thus read 5 per cent, too low. It would, however, give 
a sufliciently accurate reading of the E.M.F. of an accumu¬ 
lator with an internal resistance of, say, i+th ohm. 

358 . The Potentiometer.—If a constant current is passed 
along a uniform stretched wire AC (Fig. the potential 

difference between A and some other point B on the wire is, 
by Ohm's law, equal to the product of the current into the re¬ 
sistance between the two points. Now the resistance of a 
portion of uniform wire is directly proportional to its length, 
so that, if the current is constant, the potential difference 
between A and B is proportional to their distance apart as 
measured along the wire. 
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Thus, if* A and B are joined by a second circuit containing 
a galvanometer G, there will be a current through the galvano¬ 
meter owing to t^s difference of potential. If, however, we 
introduce into this branch circuit a cell D of E.M.F. E^, so 
that its E.M.F. is in the opposite direction to that due to the 
current (z.e. in the direction BDA), the resultant E.M.F. in 
the circuit ADB will be the difference between that existing 
between A and B and the E.M.F. of the cell. By suitably 
adjusting the distance between the points A and B, and in¬ 
cluding a greater or smaller length of wire between them, we 
can make the potential difference between A and B exactly 
equal to that of the cell. The equality can be tested by watch¬ 
ing the readings of the galvanometer G in the circuit ADB. 
When no current flows through the galvanometer, the E.M.f! 

Ej of the cell must be exactly equal to the potential difference 
between A and B. 



Fig. 2796. —The Potentiometer. 


If now a second cell of E.M.F. E^ is substituted for the 

first in the circuit ADB, and the point of contact moved 

along the wire AC until the position B' is found, for which 

ere is again no ^rrent m the galvanometer, then E^ is equal 

to the potential difference between the points A and B* T^ius 
we have * 

b etween A and B' 

Pi P.D between A and B 

where and are the distances AB' and AB respectively 
measured along the uniform wire AC. The E M F s of 

different cells can thus be compared. This arrangement is 
known as a potentiometer. 

potential along the whole wire AC must ob¬ 
viously be greater than the E.M.F. of any of the cells to be 
^ompared as o^e^ise a balance could not be obtained on the 
ire. 1 he E.M.F. of the battery F supplying the current in 
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AB must therefore be greater than that of the cells to be com¬ 
pared. A single accumulator (E.M.F. 2*r volts) will usually 
be sufficient, but, if necessary, two may be used in series. 
The current supplied by this battery must remain constant 
during the experiment. This may be tested by repeating the 
reading for the first cell. As it is undesirable that a large 
current should flow in the potentiometer wire the resistance of 
the wire should be fairly large : lo ohms is a convenient value. 

The potentiometer provides by far the most accurate 
method of comparing electro-motive forces. With a sensitive 
galvanometer the balance point can be located with great 
accuracy, and the result is not influenced by the internal 
resistance of the cell itself. 

358 *. Measurement of the Internal Kesistance of a 
Battery,—The internal resistance of a battery can be 
measured by means of the potentiometer. The E.M.F. of 
the cell is first determined by the method described. Since 
no current is flowing in the cell when the balance point is 
reached, the potential diff'erence between its terminals as 
measured by the potentiometer gives its true E.M.F., E. A 
coil of known resistance R (say, i or 2 ohms) is then connected 
across the terminals of the cell, and the potential difference 

V between the terminals is measured by the potentiometer. 

V will be less than E, as part of the E.M.F. is used up in 
driving the current, which is now flowing, against the resist¬ 
ance of the battery itself. Let b denote the internal resistance 
of the battery. Applying Ohm’s law to the complete circuit, 
the current C is given by C—E/(R+^). (There is no 
current flowing in the wires connecting the cell to the potentio¬ 
meter, so that their presence may be ignored.) But applying 
Ohm’s law to the resistance R, the P.D. V between the poles 
of the battery is producing a current C through this resistance. 
Hence C=V/R. Equating these two values of C we have 


E V. i. 

R+^—R’V” R ^R’ ''V 



It may be mentioned that the internal resistance of a cell is 
not necessarily constant. In the Daniell cell, for example, 
the internal resistance usually decreases as the current which 
the cell is giving increases. The experiment can also be 
carried out, though with some loss of accuracy, using a volt¬ 
meter instead of the potentiometer. 
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EXAMINATION QUESTIONS.—XVIII 

1. Explain what is meant by the difference of potential 
between two points. What conditions must hold in order 
that two points on a copper wire may remain at a difference 
of potential ? 

2. Explain why the simple voltaic cell is unsatisfactory as 
a source of current. Describe some efficient form of voltaic 
cell, explaining the changes which go on in it. 

3. What is meant by the polarisation of a battery ? De¬ 
scribe some of the ways in which it can be eliminated. 

4. Describe the construction of an accumulator (storage 
cell), and give an account of the actions taking place in it. 
In what form is the energy stored by the cell ? 

5. State Ohm’s law. Explain what is meant by electrical 
resistance, and describe some method of measuring the re¬ 
sistance of a coil of wire. 

6. Explain the principle of the Wheatstone bridge method 
of comparing resistances. Describe a galvanometer suitable 
for use in the experiment. 

7. Describe and explain how the resistance of a conductor 
can be measured by the post-office box. 

8. Two wires in multiple arc (in parallel) are connected 
with a battery. Under what circumstances will a galvanometer 
connecting a point on one wire with a point on the other show 
no deflexion ? 

9. Define specific resistance, and describe a method of 
measuring it in the case of a wire. A wire, i metre long and 
0*6 mm. diameter, is found to have a resistance of 1*16 ohm. 
Calculate the specific resistance of the material of the wire. 

10. A battery of E.M.F. 2 volts, and resistance 0-5 ohm, 
is connected in series with a resistance of 2*5 ohms and an 
ammeter. The current recorded is 0*5 ampere. ^\^hat is 
the resistance of the ammeter? 

11. Explain what is meant by a shunt. A given milli- 
amineter is graduated to read up to 0-15 ampere. Calculate 
the resistance of the shunt which wall be required to enable 
the instrument to read up to 15 amperes. 

12. I^escribe a Leclanch^ cell. Explain how cells are 
joined (<i) in series, (^) in parallel. In what circumstances 
will each of these respectively produce the greater current ? 
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13. Explain the terms electro-motive force and internal 
resistance, as applied to a voltaic cell. Given three cells each 
of E.M.F. I volt and internal resistance 0*4 ohm, show how 
to calculate the E.M.F. and internal resistance of the batteries 
which may be constructed, using all the cells. 

14. If the potential difference between the poles of a 
voltaic cell, when no current is flowing, is i’4 volt, and is 
reduced to I'l volt when the poles are joined by a wire of 
5 ohms resistance, find the internal resistance of the cell. 

15. Describe and explain some accurate method of 
comparing the electro-motive forces of two cells. 

16. Define what is meant by a watt, a joule, and a volt; 
and state the connection between them 

17. Define the terms resistance, specific resistance. The 
length of the filament in a 200-volt 20-watt tungsten filament 
lamp is 60 cms. The specific resistance of tungsten is 
5 X 10“^ ohm per cm. cube. What is the diameter of the 
filament ? 

18. Electrical power is supplied to a factory from a power 
station by means of two cables, each 3 miles long. The 
potential difference between the ends of the cables at the 
power-house is maintained at 220 volts, and the potential 
difference between them at the factory must not fall below 200 
volts. What is the greatest permissible resistance per mile of 
the cable if the maximum current required is 40 amperes ? 

19. A power station supplies a substation through a pair 
of cables the total resistance of which is 0 5 ohm. Assuming 
that the power supplied is 2000 kilowatts, calculate the 
energy lost in the cables in 24 hours if the supply voltage is 
(<2) 10,000 volts, ( 3 ) 200 volts. Hence calculate the saving 
produced by using the higher voltage, with electrical energy 
at id. per unit. 
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THERMAL EFFECT OF A CURRENT_ 

THERMO-ELECTRICITY 

359 . Production of Heat by a Current.—We have seen 
(§ 342) that if a battery of E.M.F. E maintains a current C 
in a circuit for / seconds, the work done by the battery on 
the circuit is E . C . / ergs if E and C are in absolute units, or 
E . C . ^ X 10^ ergs if they are measured in volts and amperes, 
This energy can be used for decomposing chemical com¬ 
pounds, as^ in the electrolytic cell, or for running an electro¬ 
motor, which will transform it into mechanical energy. If, 
however, the poles of the cell are simply joined by a metallic 
wire, the energy is transformed into heat. 

The heating effect of a current can readily be shown by 
joining the poles of a battery by a thin conducting wire. 
The wire rapidly becomes hot to the touch. If the wire is 
very thin, as in the case of the filament of an electric lamp, 

the heat generated is sufficient to raise the wire to a white 
heat. 

If a current C (ampere) flows in wire of resistance 
R (ohms) the difference of potential between the ends of the 
wire is C . R volts. Now the energy w spent in the wire 
in a time t seconds is, as we have seen, given by 

iv= E . C . / joules 
=s (CR) , C , t joules 
= C^R . t joules 
= C®R/x 10^ ergs 

As this is all transformed into heat, the heat H produced 
in the wire in the time t is given by 

JH = C2R/x 10^ 

where J is the mechanical equivalent of heat (§ 164), 

5-5 
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The heat produced is thus— 

{a) directly proportional to the square of the current; 

{d) directly proportional to the resistance of the conductor; 

(<r) directly proportional to the time for which the 
current flows. 

Since J=4-2X ergs per calorie we have 

^ C®R/ y-.Ol . T7 

“ ^=o*24XC K/ calories (nearly). If we substitute - 


for C we have 


£3 


JH=— /X io’=o *24 


E* 

calories (nearly), a 



Fig. 280.—Determination of the Heat produced by a Current. 


form which is sometimes useful. E is, of course, the P.D. 
between the ends of the wire. 

It is worth noticing that if the current is kept constant the 
heat produced in a coil of wire is directly proportional to its 
resistance. If, however, the P.D. between its ends is kept 
constant, the heat produced is inversely proportional to the 
resistance. Thus if the source of supply is the electric light 
mains, which maintain a P.O. which is practically constant, 
more heat will be produced if the terminals are joined by a 
wire of low resistance than if a wire of high resistance is used. 

These results can be verified experimentally with the 
apparatus shown in Fig. 280. A small copper calorimeter con- 
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taining a suitable amount of water is fitted with a lid through 
which pass two stout copper wires which are connected inside 
the calorimeter by a coil of fine insulated wire immersed 
in the water. The resistance of the coil is measured before 
the experiment. A sensitive thermometer passing through 
a hole in the lid measures the temperature of the water. 

The coil is connected in series with a battery of two or 
three cells, and an ammeter to measure the current. The 
current can be adjusted by means of a sliding resistance. 

The circuit is made and the current allowed to flow for 
a given time, and the heat developed in the calorimeter is 
calculated from the rise in temperature—the usual calorimetric 
precautions being taken to prevent loss of heat. 

If the current is doubled, the heat produced in a given 
time will be increased fourfold. If the current is kept 
constant, the heat produced will be found to be directly 
proportional to the time for which it is allowed to pass. 
Finally, if a second heating coil of different resistance is 
substituted for the first, it can be shown that the heat 
produced is directly proportional to the resistance of the 
coil, if the current remains the same. 

360 . Electrical Determination of J.—The apparatus just 
described can be used to determine the mechanical equivalent 
of heat. A constant current, which is measured by an 
ammeter, is passed through the heating coil for a given time 
and the heat produced calculated from the rise in temperature 
of the calorimeter and its contents. As it takes some little 
time to produce a measurable rise in temperature, corrections 
should be applied for the loss of heat from the calorimeter 
by radiation, etc. If the resistance of the heating coil is 
measured, the value of J can be calculated from the equation 

JH=C2R/x io7 

H being measured in calories, C in amperes, and R in ohms. 

It is more accurate to measure directly the difference of 
potential between the ends of the heating coil by connecting 
the ends of the coil to the terminals of a voltmeter, the 
voltmeter being read from time to time while the current is 
flowing. If E is this potential difference in volts, then, by 
our original equation 

JII=EC/x io7 
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'I’he value of J deduced in this way agrees with that 
obtained by mechanical methods—a further confirmation of 
the principle of the conservation of energy. 

361, Production of a Ourrent hy Heat,—If a bar of copper 
and a bar of iron are soldered together at both ends (Fig. 281 ), 



Fig. 281.—Seebeck’s Experiment—Production of a Current by Heat. 

and a compass needle is pivoted on a support between them, it 
is found that if one of the junctions is heated a current flows 
round the circuit, and the needle is deflected. The direction 
of the deflexion shows that the current flows from the copper 
to the iron across the hot junction, and from the iron to 
the copper across the cold junction. This experiment 



Fig. 282.— Principle of the Thermopile. 

is due to Scebeck, and the phenomenon is known as the 
Seebeck effect. 

The combination of the two dissimilar metals is known 
as a thermo-junction, or thermo-couple, and the current 
produced as a thermo-electric current. 

Any pair of dissimilar metals can form a thermo-junction. 
The greatest effect is produced by a couple of antimony 
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bismuth. It is not necessary that the metals used to 
form the thermo-junction should themselves make a complete 

^ bismuth and a bar of antimony are 

soldered together at one end, and their free ends connected 
by copper wire to a sensitive galvanometer, a current will 

flow roimd the circuit if the bismuth-antimony junction is 
heated. 

The effect on the galvanometer is increased if a number 
of these couples are joined in series as shown in Fig. 282. 
This arrangement is known as a thermopile, and is one of 
our most delicate means of detecting small quantities of 
radiant heat. If one face of the thermopile, say B, is kept 
at a constant temperature while the other is exposed to a 
source of radiation, the exposed face becomes slightly 
warmer than the other, and a current flows round the circuit 
and may be detected by the galvanometer. The current 

t?v"feces. difference in temperature between the 

The thermo-electric currents are usually very small If 

bismuth-antimony couple is at roo° C. and 

E.M.F. produced in the circuit is only 

sari ohms V produced in a galvanometer of. 

say, 8 ohms resistance would only be o ooi ampere, or one- 

crabirr d^er ^ galvanometer is, however, 

capable of detecting currents as small as one thousand-millionth 

of an ampere, and would thus detect a difference of temperature 

d™” n is^h ' ten-thousand^trr : 

^,5 ^ sensitiveness of the galvanometer that makes 

rTtherTeta^ platinum and of a platinum rhodium alloy, 
^ed capable of withstanding high temperatures, is 

reter The defl galvano- 

Sm^eratr galvanometer increases as the 

struremrt is increased. The in- 

Someter. comparison with a standard air 

362. Effect of Temperature on Resistance.— The resistance 

hLher'the^t increases with the temperature ; the 

g he temperature, the greater the resistance. The 
34 
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relation between temperature and resistance for a pure metal 
can be expressed in the form 

where R| is the resistance at ^ C., and Rq that at o* C. 

As the measurement of the resistance of a wire can be 
carried out with great accuracy, this result affords us a very 
accurate method of measuring temperatures. The metal 
employed is generally platinum, as it can withstand a very 
high temperature, and is not readily oxidised or otherwise 
affected. A platinum thermometer con^isis simply of a suitable 
length of platinum wire wound on an insulating mica frame, 
the wire and frame being enclosed in a porcelain tube to 
protect them from damage. The terminals of the wire 
are connected by long flexible leads to the measuring 
apparatus. 

To measure the temperature of a bath or furnace, the 
thermometer is placed in it in the usual way, and the re¬ 
sistance of the coil is measured by the P.O. box. If R^^ its 
resistance at o® C. is known, and the constants a and (3 of 
the equation, the temperature t can be calculated from the 
equation. 

Since the equation contains two unknown constants, three 
fixed points are required to calibrate the thermometer. These 
are usually the freezing-point and boiling-point of water, as 
in the ordinary mercury thermometer, and in addition the 
boiling-point of sulphur (445** C.). The platinum ther¬ 
mometer has a very long range, from the lowest temperatures 
obtainable to the melting-point of platinum (about 1700* C.), 
and with suitable apparatus for measuring resistance is 
extremely sensitive. 

The resistance of a conductor decreases as the temperature 
falls. When the experimentally determined values are sub¬ 
stituted in the equation above, it is found that the resistance 
of the platinum wire should be zero at a temperature just above 
— 273* C-, that is, just above the absolute zero. A similar 
result is obtained for all pure metals. This deduction has 
been actually verified by immersing a lead wire in rapidly 
boiling liquid helium, which has a temperature of about 2 
absolute—that is, —271*' C. It is found that at this tempera¬ 
ture the resistance of the lead wire is too small to be detected 
even by the most sensitive apparatus. 
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The variation of resistance with temperature is far less 
rapid in a loys than in pure metals. In certain special alloys 
such as platinoid, or manganin, it is so small as to be prac¬ 
tically neghgible These alloys are employed in the con¬ 
struction of standard resistances, which are thus practically 
in^p^dent of changes in the temperature of the atmosphere^ 
Carbon, the only non-metal which is comparable to metals 
m conducting power, is exceptional, its resistance decreasing 
as the temperature rises. Thus the resistance of a carbon 
filament lamp is much less when the lamp is glowing 

m the resistance of I 

metallic filament lamp is greater when the filament is hot 

u^ra[se*d of electrolytes also decreases as the temperature 
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ELECTRO-MAGNETIC INDUCTION 

363 , Faraday’s Experiments.—If a coil of wire A (Fig. 283) 
connected with a battery is placed parallel to a second coil B 
connected to a galvanometer, then, however large the current 
in A, so long as it is constant no effect will be produced on 
the galvanometer connected to the second coil B. The 
presence of a current in one conductor has no effect upon a 
neighbouring conducting circuit. Faraday, however, noticed 
that just at the instant when the current began to flow in the 
circuit A, the galvanometer in circuit with B gave a “kick,” 



showing that a transient current was produced in B. Similarly, 
on breaking the circuit A, a second momentary current was 
produced in B, but this time in the opposite direction. These 
currents are known as induced currents, and the phenomenon 

as electro-magnetic induction. 

It is found that the current induced in B when the current 
first flows in A is in the opposite direction to the current in A. 
It is known as an “ inverse ” induced current. On the other 
hand, the current in B when the circuit A is broken is in the 
same direction as the current in A, and is called “ direct. 

Similar effects can be produced by the relative motion ot 
the two circuits. If the current in A is kept constant, and 
the distance between the circuits is altered, an induced 
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current will flow in B while the motion is taking place. 
Moving the circuits closer together has, as might be expected, 
the same effect as starting a current in A, while increasing the 

distance apart has the same effect as stopping the current_ 

that is to say, the induced current in the first case is inverse, 
in the second direct. 


Faraday found that the strength of the induced currents 


was very greatly increased if 
the two coils of wire were 
wound upon a ring of soft 
iron (Fig. 284). On passing 
a current through A and thus 
converting the iron into a 
magnet, a very strong inverse 
current was induced in the 



Kig. 284.—Induction of Currents—• 
Action of a Soft Iron Ring. 


coil B, while on breaking the circuit a strong direct induced 
current was produced. Similar results were obtained if the 
coils were wound on a straight bar of iron. 

364 . Faraday's Experiments (continued)_Faraday then 

showed that induced currents could be produced in a con¬ 
ducting circuit, not only by other currents, but also by 
permanent magnets. If a permanent magnet NS (Fig. 285a) 
is held near the coil B, as long as the magnet and coil are at 
rest, no current will flow in B. If, however, the magnet and 



Fig. 285a.—Induction of a Current 


by a Magnet. 


the coil are moved either closer together or farther apart, 
currents will be induced in B, which will continue to flow so 
long as the motion is taking place. 

The direction of the induced current in B can be deduced 
from the first experiments by regarding the magnetism of the 
magnet as being due to a current flowing round it (§ 325). 
Thus, if the north pole of the magnet is directed towards the 
coil, we may regard the north pole as being due to a current 
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flowing round the magnet in the appropriate direction (it will 
be clockwise as seen from the centre of the magnet). On 
bringing the north pole nearer the coil B, an inverse current 
will flow round the circuit B, which will therefore be £ounter~ 
c/ockzazse as seen from the magnet, as indicated in the figure. 
Conversely, on withdrawing the north pole the direct current 
induced in B will flow in a clockivtse direction round B as seen 
from the magnet. These effects will obviously be reversed if 
the south pole of the magnet is used instead of the north pole. 
These results can easily be verified by experiment. 

365 . Faraday's Laws of Induction.—Examining these 
phenomena it will be noticed that induced currents are pro¬ 
duced when the magnetic field through the coil B is changing. 
When a current is started in A it produces lines of magnetic 
force, some of which pass through B and thus increase the field 
across it. When the current in A ceases to flow, these lines 
are withdrawn from B and the magnetic field through it is 
reduced. Similar changes are produced in the other ex¬ 
periments described. Any change which produces a change in 
the number of lines of magnetic force passing through a circuit 
will produce an induced current in it. For example, if a coil 
of wire standing with its plane in the magnetic meridian is 
turned into an east and west direction, the lines of the earth's 
horizontal magnetic field are caused to pass through the 
circuit, and a momentary induced current is produced. 

Induced currents are usually so transient that they cannot 
be measured by an ordinary galvanometer. If, however, a 
galvanometer with a rather sluggish needle is placed in the 
circuit, it can be shown that the magnitude of the kick, or 
ballistic throw as it is called, of the needle is a direct measure 
of the total quantity of electricity passing through the gal¬ 
vanometer, provided that the whole quantity passes before 
the needle has moved appreciably from its zero position. 
Using a ballistic galvanometer of this kind, Faraday, by 
experimenting with coils of different shapes and sizes 
proved that the quantity of electricity set in motion by 
the induced current was directly proportional to the total 
change in the number of lines of magnetic force through 
the circuit. 

We have seen that when a current is made in the circuit A 
(Fig. 283) the induced current in B flows in the opposite 
direction to the inducing current. The lines of force due to 
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the induced current are thus in the opposite direction to those 

of the inducing current—that is to say, they tend to keep the 

resultant magnetic field through B at its original value, or t 

other words, to neutralise the change in the field produced’ by 

the ftartmg of the current in A. On breaking the circuit A 

the mduced current is direct, and its lines of force are in thj 

same directum as those of the current A which have now been 

destroyed This result wiU be found to hold true in the other 
cases we have examined. 

Faraday’s results may be summed up in the following lazvs 

of elearo-magnelic induction -. uwing /utur 

I. Whenever the number of lines of magnetic force thread 
rono“d’VT‘*“°*'“? a>ianging, an Induced current flows 

Ic^^lly - 

such’ of the induced current in the circuit is 

“ascetic fleld tends to oppose any change in 

threading to circuit. 

ai. *1 quantity of electricity set in motion is 

^ectly propoitional to the total change in the number of 

in,,.. 1 force passing through the circuit. It is 

mversely proportional to the resistance of the circuit 

d 65 . Lena’s Law.—There is another way of looking at 
matter which is often convenient. Consider the experi- 

n ‘ ^ direction shown by the arrow. Thus the 

mechL'icarre ? becomes a north pole, and there is 

coil and the between the current induced in tlie 

to drtn ^ “te work which we have 

provides magnet against this repulsion which 

Similarlv if necessary to produce the current in B. 

current in is withdrawn, the induced direct 

inotTon of th^” ‘h<=. ftice B into a south pole. The 

force be^we^ opposed by the mechanical 

resiilft: induced current and the magnet. The 

and the cod w ^ ^ magnet were fixed 

cod were moved to and from the magnet. Thus 

direcL^'n ofThrelatively to a magnetic field, the 

Th;« ^ mechanical force opposing the motion. 

rule, which IS known as Lens's law, is often useful 
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in complicated problems of induction. Cases where the 
magnetic field is produced by starting a current can be in¬ 
cluded in the scope of the law, since starting a current in a 
circuit is clearly equivalent to bringing up the circuit to its 
actual position from an infinite distance. 

Lenz^s law can be demonstrated by a variety of simple 
experiments. If a heavy copper ring is placed on the pole of 
an electro-magnet, and the ma^et is excited by switching on 
the current, the ring will leap into the air. We may regard 
the magnet as being brought up suddenly to the ring from a 

great distance, and the current 
induced in the ring flows in 
such a direction as to oppose 
this motion. The magnet, 
however, is fixed, so the force 
reacts on the ring, which is 
projected upwards with con- 
•siderable force. 

Again, if a copper plate 
(Fig. 285^) is suspended by 
cords so that it can swing 
freely between the poles of 
an electro-magnet its motion 
is immediately arrested when 
the magnet is excited. If the 
plate is pushed backwards and 
forwards in the magnetic field 
by hand, the resistance to the 
motion due to the currents 
induced in it can readily be 
felt ; the sensation is that of moving a spoon in treacle. 
Currents induced in a mass of metal owing to its motion 
relative to a magnetic field are often known as Eddy currents. 
They are a source of considerable wastage of energy in 
electro-magnetic machinery, such as motors, dynamos, etc. 
The energy of these currents is wasted as heat in the 

conductor. 

In a similar way and for the same reason the coil of a moving 
coil galvanometer, which will generally make a considerable 
number of swings before coming to rest when the galvano¬ 
meter is on open circuit, is brought to rest if the terminals 
are joined by a low resistance. The low resistance completes 





Fig. 2S$b .—Experiment illus¬ 
trating Lenz’s Law. 
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the circuit of the coil, thus making it possible for currents to flow 
round it. The currents induced in the coil by its motion in 
the magnetic field are always in such a direction as to oppose 
the motion of the coil, which is thus rapidly brought to rest. 

365 .** The Induced Electro-motive Force.—The quantity 
of electricity which passes round a secondary coil depends 
only on the total change in the magnetic flux through it, and 
is independent of the speed with which the change is made. 
Thus in § 364 it is quite immaterial whether the magnet is 
brought up slowly or rapidly ; the total charge passing 
round the circuit will be precisely the same. Since, however, 
current is the rate of flow of electricity, if the magnet is 
brought up sharply we shall have a large current flowing for 
a short time ; if slowly, a much smaller current flowing for 
a much longer time. Thus the actual value of the current 
at any instant depends on the rate at which the magnetic 
flux is changing. 

By the third law the quantity Q of electricity passing 
round a secondary circuit is directly proportional to the 
number N of lines of magnetic flux which enter or leave the 
circuit, and inversely proportional to the resistance R of the 
circuit. By applying the principle of the conservation of 
energy to the problem it can be shown that, if we use the 
absolute electro magnetic system of units, Q is actually equal 
to N/R. If the change in flux occupies / seconds, the average 
current C = Q// = N/R/. 

By Ohm’s law the existence of a current requires the exist¬ 
ence of a corresponding E.M.F. in the circuit, equal to CR. 
Since the induced current is N/R/ we see that the induced 
E.M.F. in the circuit is simply N//, or, in other words, it is 
equal to the rate of change of magnetic flux through the 
circuit. For reasons which we need not enter into here it 
is better to fix our attention on the induced electro-motive 
force, rather than on the resulting current. We have for 
example, every reason to believe that the induced electro- 
motive force is produced even in a circuit which is not 
complete and which, therefore, passes no current. Thus 
Famday s Laws of Induction may be expressed in the form • 

When the n^ber of lines of magnetic force through a 
circuit IS changing, an induced electro-motive force acts in the 
circuit, the magnitude of which at any instant is equal to the 
rate at which the magnetic flux is changing. 
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The E.M.F. is here measured in absolute e.m.u. To 
induce an E.M.F. of i volt the flux must be changing at the 
rate of lo® lines per second* 


366 . The Induction Coil.—The principle of the induction of 
currents is used m the znduciion or I^u/imkorff coil to produce 
from a primary current of low voltage a secondary or induced 
current of very high voltage. It consists (Fig. 286) of a 
primary coil of one or two layers of thick copper wire wound 
in the form of a solenoid upon a central core of soft iron. 
This primary coil is completely enclosed in a tube of ebonite. 



Fig. 286. — Principle of the Induction Coil. 


upon which are wound a very large number of turns of thin 
insulated copper wire, forming what is known as the secondary 
circuit. The greater the number of turns of wire in the 
secondary coil the greater the difference of potential which 
will be produced between its ends. 

If a current is started in the primary circuit, the core 
becomes a strong electro-magnet, and a strong magnetic field 
is produced through the secondary coil. Hence an induced 
current flows round the secondary circuit, which by the laws 
of induction is an inverse current. If the current in the 
primary circuit is broken, a direct induced current is pro¬ 
duced in the secondary. For reasons which cannot be ex- 
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plained here, the induced current at “ break ** has a very 
much higher voltage than that at “ make,*' and arrange¬ 
ments are generally made to eliminate the latter as far as 
possible. 

As the induced current only flows so long as the primary 
current is changing, arrangements must be made to make and 
break the primary circuit continually—that is to say, we must 
send through the primary coil not a continuous but an inter¬ 
mittent current. This can be effected by various devices 
known as tnterrupiors or “ breaks'' The smaller coils 
are fitted with an automatic device known as a hammer break. 


A soft iron hammer H is supported on a spring S close to one 
end of the core of the coil. This spring presses the hammer 
against a platinum contact P which can be adjusted by a screw. 
One of the wires from the primary is connected to the hammer, 
and a second wire leads from the contact P to the battery. 

When the battery is switched on, the current flows from the 
screw through the platinum contacts and thence to the coil. 
As soon, however, as the current passes, the iron core becomes 
magnetised, and attracts the iron hammer, which moves 
towards it, thus separating the platinum contacts at P and 
breaking the circuit. But, the circuit being broken, the core 
ceases to be a magnet and the iron hammer is carried back 
against the screw, by the action of the spring, thus again com¬ 
pleting the circuit. In this way the current is automatically 
made and broken a large number of times per minute. 

The hammer break is not suitable for use with large currents 

such as are employed in modern coils, as the current arcs 

across the platinum contacts, which are rapidly ruined 

Whatever type of break is employed, it is found to be essential 

m practice that a condenser of large capacity should be 

connected across the point in the circuit at which the current 

IS broken, between S and T in the diagram, one plate of 

^e condenser being connected to S, and the other to T. 

The theory of the induction coil is very complicated and is not 
yet fully understood. ^ t' ^ 


potential d^erence of the induced currents in the 
secondary circuit is very high, comparable with or even 
greater than that produced by a Wimshurst machine, while 

electricity conveyed by the currents is many 
times greater. If the secondary terminals are approached a 
torrent of sparks passes between them. The large coils used 
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in modem radiography are capable of producing a rapid 
succession of sparks across an air gap of no less than i6 inches. 
The difference between the torrents of sparks from an in¬ 
duction coil and the feeble and intermittent discharge of a 
Wimshurst is very striking. 

. 367 . The Dynamo.—If a coil of wire ABCD (Fig. 287) is 

at right angles to a magnetic 
field H, and is then turned 
so that the plane of the coil 
becomes oblique to the lines 
of the field, the number of 
lines of force passing through 
the coil becomes progressively 
less, imtil, when the coil is 
parallel to the field, the 
number cutting the coil is 
zero. Hence, by the laws 
of induction a current flows 
round the coil in such a 



direction that the lines of 

I force due to the current are 

II I in the same direction as those 

n I of the field—that is, the cur- 

■" I t| - ^ rent must flow in the direction 

J 11 DCBA. If the coU is still 

AV^ I rotated in the same direction, 

I as shown in the lower half 

p\J of the figure, the number of 

I ^ lines of force passing through 

I it increases, and an induced 

„ ^ ^ current continues to flow 

Fig. 287.—Production of a Cur- j 

rent by Rotation of a Coil in a the circuit, itS d 

Magnetic Field. tion being now such as to 

reduce the magnetic field 
through the coil. It must be remembered, however, that 
the coil has rotated so that the side DC is now nearer the 
reader—that is to say, the current still flows round the coil 
in the direction DCBA. 


After passing through the position where the plane of the 
coil is again at right angles to the field, the number of lines 
of force threading the circuit will decrease as the rotation 
continues. The current is therefore reversed and flows in 
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the direction ABCD, its field being in the same direction as 
H. Following the above line of argument, we can see that 
the induced current will continue to flow roimd the circuit in 
this direction until the coil has completed one revolution and 
is again in its original position. 

Thus, if the coil is rotated continuously in the field at a 
uniform rate, induced currents will continue to flow in the 
coil, their direction round the coil being reversed every half- 
revolution. A current can be obtained in this way merely 
by rotating a coil in the earth's magnetic field. The coil 
then forms what is known as an earth inductor. 

The magnitude of the E.M.F. induced in the coil is equal 
to the rate of change of magnetic flux through it (divided by 
10® if we wish to express it in volts). This depends on the 



Figs. 287^*, 287^.—Rotation of a Coil in a Uniform 

Magnetic Field. 


orientation of the coil. When the coil is nearly at right 
angles to the lines of the field, a small rotation of the coiK 

287^), produces only a smaU change 
threading through the coil, and the 
mduccd E M.F. is small. It is actually zero when the plane 

IS exactly at right angles to the field. On the 
of parallel to the lines 

rotatln passing through it, but 

rotating the coil through a very small angle introduces quite 

an appreciable number (Fig. 287.^). The rate of change of 

induced E.M.F. has its maximum 

E ^ "■otated at a uniform rate, the induced 

auMerVo ‘he coil is at right 

the^fieiH f m ^ maximum when the coil is parallel to 
e field, fallmg to zero again when the coU has been rotated 
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through i8o® and its plane is again at right angles to the 
field. It is at this point that the direction of the induced 
E.M.F. in the coil changes. If we indicate this reversal by 
using the minus sign for the reverse E.M.F., the graph of the 
E.M.F. against the angle through which the coil has rotated 
will be a sinusoidal curve such as is sho^vn in Fig. 287^, where 
the angle 0° indicates that the plane of the coil is perpendicu¬ 
lar to the field. Since 360® is a complete revolution of the 
coil, and the coil is thus in its initial position, the graph 
repeats indefinitely, as long as the rotation continues. The 



Fig. 287^*.—The E.M.F. in a Uniform Rotation Coil. 


curve is a sine curve ; the curve obtained by plotting sine & 
against 0 . 

An E.M.F. of this type is known as an alternating E.M.F., 
and the current it produces in a circuit is alternating cturent. 
Electrical power is nearly always distributed nowadays in the 
form of alternating current, produced, essentially, by rotating 
a coil in a magnetic field. Since the strength of the induced 
currents increases with the strength of the field, it is obviously 
better, if the instrument is to serve as a source of current, 
to rotate the coil in the strong magnetic field between the 
poles of a horsehoe electro-magnet (Fig. 288) ; the instru¬ 
ment is then known as a djmamo. 

The coil P is made to rotate by mechanical means {e.g. by 
a steam engine), and the two ends of the coil are fastened 
respectively to two metal rings Rg rotating on the same 
axis as tlie coil. Two conducting carbon rods, or brushes,” 
B, B as they are called, press lightly against the rotating 
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rings, and thus enable contact to be made between the 
rotating coil and the ends of a fixed circuit. The rotating 
coil is known as the armaturo. 

The coil P, which has been drawn as a single turn of wire, 
actually consists of a considerable number of turns. Since 
the flux through each turn is varying at the same rate, each 
turn has the same E.M.F. induced in it, and the total E.M.F. 
between the ends is the sum of the separate E.M.F.'s, and 
the output is thus largely increased. In order to increase 
the magnetic flux the coil is wound on a laminated soft 
iron core, not shown in the figure. The details of dynamo 
construction are very complicated and do not concern us here. 



Fig. 288.—Principle of the Dynamo. 


By Lenz’s law (§365*) the induced current in the coil P is 

0 ^“"'Hence ^ of the 

coil Hence more work is done by the steam enuine in 
rotating the armature when in the field of the electro-magnet 
than would be necessary in the absence of the magnetic field 

by^hri^nam;" —- generated 

For most commercial purposes an alternating current is as 

n"ws r^und t'^e^ is, as a currenfwhich always 

nows round the circuit m the same direction For 

a^the sa'^JT Ito^ting, since the heat produced varies 

.n current, it is independent of the direction 

will lieht arT flows, and hence an alternating current 

wiU light an electric lamp, or serve a radiator, as effiSently « 
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a direct current. Excellent electro-motors are now available 
which work on alternating current. Because it is cheaper to 
distribute over long distances (§ 367*), the current supplied 
commercially is usually alternating. 

We can, however, very easily obtain a unidirectional or 
direct current from our d)mamo by reversing the connections 
between the circuit and the revolving armature at the moment 
when the direction of the current round the armature 
changes. This may be done very simply by connecting the 
two ends of the armature to the two halves of a split ring 
rotating on the armature shaft, the two halves of the ring 
being insulated from each other. Contact with the ring is 
made by brushes in the same way as before. A device of 
this kind is called a commutator. 

Suppose that the coil is rotating so that the current is 

flowing from B to A 
(Fig. 289(2), the plane of 
the coil being parallel to 
the field. After a quarter 
of a revolution the current 
in the armature will reverse 
its direction. But in the 
same time A will have 
turned so as to make con¬ 
tact with the brush D, 
and B with the brush C, 
so that the current which 
now flows from A to B will continue to flow round the external 
circuit from C to D. Thus, though the current in the arma¬ 
ture is alternating, that in the external circuit is always in the 
same direction. With the simple type of dynamo shown, the 
E.M.F. would be pulsating, being zero when the coil was at 
right angles to the field, and a maximum in the position 
shown in the diagram. The commutator must be arranged 
so that it reverses the connections when the current is zero. 
This apparatus is a simple form of direct current dsmamo. 

The electro-magnet, or “ field magnet ” as it is called, can 
be excited by the current produced by the dynamo itself. If 
the coils are connected in series with the rest of the 

circuit, the dynamo is said to be series ivound. If, however, 
the field coils are connected directly with the brushes so that 
the magnet is in parallel with the main circuit, and only a 
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portion of the current flows through the field coils, the 
instrument is said to be shunt zuound. 

367 *. Alternating Current Transformer.—If the ends 
of the coil A in Fig. 284 are connected to the terminals of an 
alternating current dynamo an alternating current will flow 
in A. This produces a magnetic flux in the soft iron ring 
which alternates with the current being first in one direction, 
and then, as the current reverses, in the opposite directiori 
round the ring. Most of the lines of flux pass through the 
secondary coil B, and hence, as the flux through B is con¬ 
stantly changing both in magnitude and direction, an E.M.F. 
is induced in B which alternates in direction in sympathy 
with the alternations of the current in A. The system con¬ 
stitutes a very simple alternating current transformer. A is 
called the primary, and B the secondary, coil. 

Since the magnetic flux passes through all the turns in B, 

the greater the number of turns the bigger will be the 

E.M.F. between the ends of the coil. It can be shown that 

under certain ideal conditions, which are not realised in 
practice. 

Maximum E.M.F. in secondary ^Number of turns in secondary 
Maximum E.M.F. in primary Number of turns in primary 

A transformer enables us to adjust the voltage of alternating 
current to any value which may be most convenient with the 
minimum of trouble (since the transformer needs no attention 
and has no moving parts) and the maximum efficiency. Thus 
by using a transformer with a large number of turns on the 
primary and a small number on the secondary, we can step 
down the 132,000 volts of the “ grid ” transmission to the 
comparatively safe 210 volts of the domestic supply. Con¬ 
versely, by using a primary of a small number of turns and 
a secondary with a much larger number, we can step up the 
2,0 volts of the normal A.C. supply to the 250,000 volts 
employed in modem X-ray production. 

If the transformer worked entirely without loss of energy 
the power m the secondary circuit would be equal to that in 
the primary, that is, secondary volts x secondary amps would 
be equal to primary volts x primary amps. In practice it is 
a lew per cent, smaller, owing partly to the resistance of the 
circuits ( copper ’ loss) and partly to work spent in magnetis- 
mg and demagnetising the core (“ iron ” loss). The loss of 
35 
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energy due to eddy currents in the core is reduced to a 
minimum by using a laminated core. 

To transmit loo kilowatts at 100,000 volts requires a 
current of i ampere. If the resistance of the cables is o*i ohm, 
the power lost in the cables in the form of heat will be C^R, 
i.c. i^xo'i or yVth watt. This is negligible. To transmit 
the same power through the same cables at 200 volts would 
require a current of 500 amperes, and a resultant absorption 
of power in the cables of soo^xo-i or 25,000 watts. Thus 
something like one-quarter of the power would be wasted in 
the cables. It is thus much more economical to transmit 
power at a high voltage, if it has to be carried over long 
distances. If alternating current is employed the power can 
be produced at the voltage most suitable for the generating 
station, stepped up, by a transformer, to the highest voltage 
which the transmission cable will stand, and, at the farther 
end of the cable, stepped down in one or more stages to a 
voltage suitable for commercial and domestic use. It is this 
voltage flexibility which has given alternating current its 
supremacy in commercial supply systems. 

368 . Electromotors.—The direct current dynamo is a re¬ 
versible instrument. If we rotate the armature by mechani¬ 
cal means an electric current is generated, as we have seen ; 
and mechanical energy is thus converted into electrical 
energy. If, on the other hand, we pass a current through the 
armature from some external source the armature is made to 
rotate (by the magnetic forces set up between the magnetic 
poles and the current in the armature) and the electrical 
energy is converted into mechanical energy. The machine 
thus forms an electromotor. 

Thus if, in Fig. 2 89<2, current is passed into the coil in the 
direction indicated by the arrows, the side of the coil facing 
the reader becomes a south pole, and the coil turns so as to 
bring this face parallel to the north pole of the magnet. If 
the current continued to flow in the same direction the coil 
would come to rest in this position. At the instant when the 
coil is facing the north pole, however, the commutator 
reverses the current in the coil. There is thus repulsion 
between the coil and the magnet, and the rotation continues. 

The pull exerted by such a simple machine would be ve^ 
variable. Regarding the coil as a magnet of magnetic 
moment M, the couple Is equal to H . M sin 0 , where H is the 
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field and 6 the angle between the magnetic axis of the coil 
and the field. It is thus a maximum in the position shown 
in Fig. 289, where the plane of the coil is parallel to the field, 
and would be zero when the coil is parallel to the faces of 
the magnetic poles. This difficulty can be overcome by 
using a more co nplicated armature with several coils at 
different angles, and a complicated commutator arranged so 
that the current is supplied to the different coils in turn when 
they are in the most efficient position. 

It is worth noting that even when the machine illustrated 
in Fig. is being used as a motor it is still functioning as a 

dynamo ; the number of lines of force through the coil is 
changing as the coil turns, and hence an induced E.M.F. 
must be produced in it. It can be seen from Fig, 289^2 that the 
induced E.M.F. acts in the opposite direction to that of 



the current driving the motor, and the resultant E.M.F. in 
the circuit is thus the difference between the two. As the 
induced E.M.F. increases with the speed of rotation, the 
actual current flowing through the motor will be much 
larger when the armature is at rest than when it is rotating 
at high speed. In large motors the initial current is so large 
that resistances, known as starting resistances, have to be 
included in the circuit in order to prevent damage to the coils 
through overheating. This resistance is cut out step by step 
a^s the motor gathers speed and thus generates sufficient reverse 
E.M.F, to keep the resultant current down to its safe value. 

368 * The Telephone and Microphone.—The original tele¬ 
phone, invented by Bell, worked on the principle of the 
induction of currents. It consisted of two coils, A and B, 
connected in series, and wound on the poles of a permanent 
magnet N, S (Fig. 289^). A thin soft iron diaphragm D is 
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clamped close to the poles of the magnet, and forms the mouth¬ 
piece of the instrument. The iron diaphragm is magnetised 
by induction from the poles N, S. When the instrument is 
spoken into, the diaphragm moves backwards and forwards 
under the action of the sound waves, each compression 
pushing it towards the magnet, and each rarefaction allowing 
it to spring back. As D moves inwards the number of lines 
of force from its induced poles which thread the coils A, B 
increases, setting up an induced current in the coils ; this 
current is reversed when the diaphragm springs back. 

If this instrument is connected by conducting wires to an 
exactly similar instrument, the induced currents passing round 

the coils will set up alter¬ 
nating magnetic fields 
which act with or against 
the field of the fixed 
magnet, thus alternately 
increasing and decreasing 
its attraction of the iron 
diaphragm. The dia¬ 
phragm of the receiver, as 
we may call it, is thus made 
to vibrate in step with 
that of the transmitter. 
Its motion is transmitted 
to the adjacent air, and 
the original soimds are 
thus reproduced. Owing 
to the feebleness of the currents induced, the Bell telephone 
is no longer used as a transmitter. It is, however, still 
employed (in a slightly modified form) as the receiver in an 
ordinary telephone circuit. 

The normal telephone transmitter is a microphone, and 
utilises the fact that the resistance of a pile of carbon granules 
to the passage of an electric current is decreased by the 
application of pressure. The diaphragm D of the micro¬ 
phone (Fig. 289^:) forms the lid of a small box with insulating 
walls, the back of the box being a carbon block B. The box 
is loosely filled with carbon granules. The box is placed in 
series with a battery and a pair of wires leading to a receiver 
of the type already described. When the diaphragm is pressed 
in by the impact of a sound wave the resistance of the circuit 



Fiq. 289c.—The Micrc)[)he»ne. 




ELECTRO-MAGNETIC INDUCTION 


549 


is decreased and an extra rush of current passes round the 
circuit, attracting inwards the diaphragm of the receiver. 
As the diaphragm of the transmitter springs back the 
resistance rises again to its original value, the current falls, 
and the diaphragm of the receiver is allowed to spring back 
also. The motion of the diaphragm of the transmitter is 
thus transmitted to that of the receiver. 



CHAPTER XVI 


DISCHARGE OF ELECTRICITY THROUGH 

GASES—X-RAYS 

369 . Tiie Electric Spark.—Air at ordinary atmospheric 
pressures is a good insulator of electricity. By very delicate 
methods it can be shown that the insulation is not quite 
perfect; but the leakage from a conductor surrounded by air 
is extremely small. On the other hand, the existence of an 
electric field puts the molecules of air under strain, and if the 
field is too great the insulation breaks down and a spark passes. 
The maximum field that air can sustain at its ordinary pressure 
and temperature is about 30,000 volts per centimetre. If the 
field rises beyond this value a spark discharge takes place. 

The potential difference required to produce a spark 
decreases as the pressure of the air becomes less. The 
experiment can be carried out in a long glass tube sealed at 
both ends and connected by a side tube to an exhaust pump. 
Electrodes, usually in the form of small aluminium disks, are 
sealed into the ends of the tube by means of platinum wires. 
These wires are connected to the secondary terminals of a 
small induction coil. As the tube is gradually exhausted it 
will be found that the discharge takes place more and more 
readily. The spark at the same time becomes wider, more 
diffuse, and more continuous, until at a pressure of a few 
millimetres of mercury the whole tube becomes filled with 
a continuous reddish glow. At this stage the difference of 
potential necessary to maintain the discharge is reduced to a 
few hundred volts. 

370 . The Discharge Tube at Low Pressures.—If the tube is 

still further exhausted by means of a vacuum pump (§ 91) to a 
pressure of about mm. of mercury, the character of the 

discharge suddenly alters, the continuous glow being replaced 
by a series of bright and dark bands or striae. The appearance 
of the discharge tube at this stage is shown in Fig. 290. 

550 
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DISCHARGE OF ELECTRICITY—X-RAVS 

The surface of the cathode itself is covered with a bluish 
velvety glow, known as the cathode glow. Beyond this the 
discharge for some little distance appears dark and non- 
luminous. This dark portion is known as the Crookes dark 
space. Still further along the tube this dark space merges 
into another luminous patch known as the negative glow, 
beyond which we have a second region of darkness known 
as the Faraday dark space. The whole of the tube between 
the Faraday dark space and the anode is filled with a luminous 
glow, which, if air is in the tube, usually breaks up into a 
set of button-shaped patches, as shown in Fig. 290. This 
portion of the discharge forms the positive column. The 
light emitted shows the characteristic spectra of the gases 
in the tube. At a pressure of mm. of mercury the 

positive column fills the greater part of the tube, the oilier 



Fig. 290.—Eleciric Discharge in a Gas ai Low Pressure. 


I^enomena being confined to within a centimetre or so of 
the cathode. The mercury vapour lamp, used for ultra- 
vicnet treatment, the neon signs so common in advertising, 
and the new mercury lamps used in street lighting are comincni 
examples of discharge tubes in this condition. 

As, however, the pressure is still further reduced, the 

Lrookes dark space begins to grow at the expense of the 

P ^PP^^rances, until finally, at very small pressures 

indeed, it occupies the whole of the tube, except for a glow 

on the surface of the cathode and a little blob of light on the 

e. At the same time the potential difference required 

to maintain a discharge through the tube rapidly increases, 

running up into many thousands of volts. It is indeed 

possible to exhaust a tube so highly that the highest potential 

1 erence producible is insufficient to cause a discharge to 
pass. ® 

371 , Cathode Rays.—If the tube is exhausted to the stage 
vrnen the Crookes dark space very nearly fills the tube, a 



552 


MANUAL OF PHYSICS 


pencil of pale blue light will be seen, proceeding normally 
from the cathode and crossing the dark space. It is known 
as the cathode rays. If the tube is arranged so that the 
cathode rays fall upon the glass walls of the tube, the portion 
of the glass which receives the rays glows with a greenish 
yellow fluorescent light. 

The cathode rays consist of negatively charged particles 
shot off from the negatively charged surface of the cathode 
with very great velocity. These cathode particles, or electrons 
as they are now called, are very much lighter than the lightest 
known atom. The charge they carry is, however, exactly the 
same as that carried by any negative monovalent ion in 
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Fig. 291.—Shadow cast by Cathode Rays. 


electrolysis. The evidence for these statements can be 
summarised as follows : 

{a) Shadows cast by the Rays. —If a solid obstacle 
such as a mica cross (Fig. 291) is placed in the discharge 
tube in the path of the cathode rays, a sharp shadow of the 
cross is thrown by the rays on the farther wall of the tube. 
This shadow is always perfectly sharp even though the cathode 
is of considerable size. This shows that the rays are emitted 
from the cathode in a definite direction, and not in all 
directions like light from a luminous surface (cf. § 171). 

(d) Magnetic Deflexion of the Rays. —The cathode 
rays are deflected by a magnet. This can easily be shown 
with a discharge tube such as that in Fig. 292. The cathode 
C is a flat aluminium disk, while the anode A is a brass plate 
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perforated by a small hole in the centre. A narrow pencil of 
cathode rays passes through the hole, the rest being stopped 
by the plate. This pencil forms a sharp bright patch of 
fluorescent light on the farther end of the tube. If the pole N 
of a magnet is brought near the tube, say at X, the spot of 



fluorescence moves, showing that the path of the rays has been 
deflected by the magnet. The deflexion is the same as that 
which would be produced imder the same circumstances in 
a flexible conductor carrying a current from O to C, and 
coinciding with the original path of the rays. The rays. 



therefore, behave towards the magnetic field just like a 
current. 

{ c ) Electrostatic Deflexion of the Rays. —Again, if 
the narrow pencil of cathode rays is passed between two 
parallel plates P and Q charged to a difference of potential 
of a few hundred volts, it is again deflected, the particles being 
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attracted towards the positive plate. The particles in the 

rays, being attracted by a positive plate, must themselves be 
negatively charged. 

(t/) Negative Charge on the Ravs. —The negative 
charge carried by the rays can be demonstrated directly 
by allowing the pencil of rays to fall into a brass cylinder 
connected to an electroscope (Fig. 293). As there is a strong 
and variable electrostatic field inside the discharge tube, it is 
necessary to protect the cylinder from electrostatic disturb¬ 
ances by surrounding it by a somewhat larger metal cylinder 
connected to earth. This device is known as a Faraday 
cylinder, as Faraday was the first to show that such an 
arrangement provided a perfect screen against external electrical 
forces (§ 285). As soon as the cathode rays enter the inner 
cylinder, the leaves of the electroscope diverge, the sign of the 
electrification being negative. 

372 . Electrons.—The particles which form the cathode 
stream are known as electrons. They may perhaps best be 
described as atoms of electricity. No charge smaller than 
that carried by an electron has been isolated, and there is 
evidence to prove that every charge consists of an integral 
multiple of this charge, just as every mass of substance is 
made up of a whole number of atoms. It has been proved 
that the charge on a monovalent ion in solution is exactly 
equal to the charge upon an electron. 

The velocity of the particles in a cathode beam and their 
electro-chemical equivalent (that is, the ratio of the mass of a 
single electron to the charge upon it) can be determined by 
comparing the deflexions produced in the beam by a magnetic 
and by an electric field. The experiment which was devised 
and carried out by Professor Sir J. J. Thomson can be 
performed with apparatus similar to that of Fig. 292, and 
already described. The velocity of the rays increases with 
the potential difference across the tube. It is generally of 
the order of one-tenth of the velocity of light. The ratio of 
the mass of an electron to its charge, however, is invariably 
the same. It is quite independent, not only of the potential 
of the discharge, but also of the nature of the metal forming 
the cathode and of the gas remaining in the tube. It is thus 
a universal constant. According to the best determinations its 
value is about 5*7 X io~® grams per coulomb. Now the ratio 
of the mass of a hydrogen ion to the charge upon it (the electro- 
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chemical equivalent of hydrogen) is 1*038 X grams per 
coulomb. Since the charge on each of these particles is 
the same, the mass of an electron must be, therefore, about 

I 

1845 

than any material atom. 

The actual values of the charge on an electron and its 
mass have now been determined. The electronic charge, or 
atom of electricity, is 1*59 coulombs. Substituting 

this value in the value for the ratio of the mass to the charge 
we see that the mass of an electron is 9-0 x 10^ grams. 

Since these electrons can be given oflf from any kind of 
substance they must be present in all kinds of matter. On 
the modem theory of matter every atom consists of a number 
of electrons (equal approximately to half the atomic weight) 
revolving around a central positive charge, like planets round 
the sun. As the radius of an electron is only about TrruTrtrth 
of that of the atom itself, it is obvious that an atom, like the 
solar system, consists principally of spaces. A single electron, 
therefore, can make its way through solid matter with no 
more difficulty than a comet crossing the solar system. 

373 . Electron Theory of Conduction.—It is believed that 
the conduction of electricity through metals is carried on by 
the motion of electrons such as we have described. In non¬ 
conductors the electrons in the atom are too rigidly attached 
to it to be set in motion by the electrical forces usually em¬ 
ployed. In the case of conductors, however, it is supposed 
that a certain number of the electrons are so looselv attached 
to the atoms that a considerable number of them are always 
in a free state, and are therefore moving about in the metal, 
like the molecules in a gas. If an electric field is now 
ajiplied across the conductor, the electrons move under the 
field from the negative to the positive end of the conductor, 
carrying their charges with them. This motion of the electrons 
through the conductor constitutes the electric current. The 
high thermal conductivity of metals is also due to their 
electron atmosphere. The electrons at the hot end of the 
bar are speeded up by the heat energy, just as gas molecules 
are, and diffuse through the metal, carrying this extra energy 
with them, and transferring it, by difi'usion, to the colder 
molecules in the more distant parts. 

374 . X-Rays.—It was observed by Rontgen that certain 


that of a hydrogen atom. It is, therefore, much lighter 



556 


MANUAL OF PHYSICS 


radiations were given off from the walls of the discharge tube at 
the points where the cathode rays impinged. To these rays, 
which were able not only to penetrate the glass walls of the 
tube but also many other substances which are opaque to 
ordinary light, he gave the name X-raya, as their nature was 
unknown. 

X-rays are now known to be vibrations in the ether 
resembling those of light, but very much more rapid, and 
therefore of much shorter wave length. The wave length of 
the X-rays is indeed only about -^j^th of that of the light 
waves making up the visible spectrum. Like the ultra-violet 
rays, they are non-luminous—that is to say, they do not pro¬ 
duce the sensation of vision when allowed to fall on the 
retina. We can only observe them by the effects which they 
produce. 

If a sheet of cardboard is covered with crystals of barium 
platino-cyanide, or calcium tungstate, it becomes luminous 
when struck by the rays. Such an arrangement is known as 
a fluorescent screen, and is very useful for observations on 
the rays. If an object which is opaque to the rays is placed 
between the source of the rays and the screen, it will cast a 
dark shadow on the screen, since X-rays, like other forms of 
light, travel in straight lines. 

Again, the X-rays act upon the emulsion of a photographic 
plate in the same way as ordinary light. A photographic 
plate placed in the path of the rays will, on being developed 
in the usual way, be found to have become blackened. If, 
however, an opaque object is placed in the path of the rays in 
front of the plate, there will be no action on that part of the 
film within the shadow of the object. Thus, on developing 
the plate, a photographic image of the shadow cast by the 
object will be obtained. 

This process is known as radiography, and the resulting 
picture as a radiogram, or skiagram (Fig. 294). It is, of 
course, a “ negative ”—that is to say, the parts in the shadow 
will be clear, while those not in the shadow will appear dark. 

A “ positive ” can be obtained from this negative by printing 
on photographic paper in the usual way. 

375 . Properties of X-Rays.—X-rays, like light, travel in 
straight lines, from the point struck by the cathode rays. 
Their intensity, therefore, like that of light, falls off inversely 
as the square of the distance from the point of origin. 
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No substance is absolutely opaque to the rays, but some 
substances are far more so than others. The denser the 
substance, the more opaque it is to the rays. The opacity 
to the rays depends also on the nature of the elements making 
up the substance. Elements of high atomic weight are mucli 
more opaque to the rays than elements of low atomic weight. 



Fig. 294.—Radiogram of Elbow-Joint. 


hus iron, copper, nickel, and lead stop most of the rays falling 
upon them, and thus cast very dense shadows; aluminium, 
tu which absorb a smaller proportion of the rays, 

shadows of less density ; while paper, cotton wool, wax, 
. * being substances of low density and consisting 

re y o elements of low atomic weight, are very transparent 

to the rays, and cast only faint shadows. Thus, in the case of 

shadow cast by the bone stands out very 
. ^ faint shadow of the llesh surrounding it, 

wniie a piece of shrapnel embedded in the flesh will cast a 
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still denser shadow. Thus, if the limb is placed between the 
origin of the rays and a fluorescent screen, the shadow of the 
bones is distinctly visible on the screen, being much darker 
than the surrounding flesh, while the presence of a piece of 
metal is at once apparent. If a photographic plate is placed 
in the position of the fluorescent screen a permanent record 
of the appearances is produced. Fig. 294 is a reproduction 
of such a radiogram. With modern technique it is often 
possible to discriminate between tissues of different density, 
while organs which are not normally visible, such as the 
digestive tract, can be coated with some salt opaque to the 
rays {e.g. by giving the patient a meal containing bismuth) 
and so made to show up on the screen or photographic plate, 
376 . Production of X-Rays.—It is obvious that if sharp 
shadows are to be obtained the X-rays must come from as 
small a point as possible (§ 171)- If the discharge in the 
tube is a strong one, great heat is generated at the point struck 
by the cathode beam. It must be remembered that the 
cathode rays are travelling with enormous velocity, approach¬ 
ing loto cms. per second. As the kinetic ener^ of a particle 
is proportional to the square of its velocity, it is obvious that 
a very large amount of energy will be conveyed to the point 
struck by the cathode stream. This energy is mainly trans¬ 
formed into heat, only about part being transformed 

into X-radiation. The modem X-ray tube is designed {a) to 
obtain as sharp a focus of the cathode rays as possible, and 
(^) to get rid of the large quantities of heat generated by the 
cathode rays at the focus. 

With a high-power apparatus it is possible for a fraction of 
a second to pass a current of as much as of an ampere 

through such a tube, at a potential diflference of one hundred 
thousand volts. With discharges of this intensity it is possible 
to take a radiogram through a man^s body in ^ 

second. 

The early X-ray tubes were simply discharge tubes of the 
kind described in § 370, in which the electrons were driven 
out of the cathode by the intense electrical discharge. It 
has been found, however, that if the cathode is raised to 
incandescence the free electrons evaporate from its surface, 
very much as molecules evaporate from the surface of a 
liquid, the rate of emission being controlled entirely by the 
temperature. An electrically heated wire, or filament, is 
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thus a very convenient source of electrons, and is employed, 
as most readers will know, in wireless valves. 

The modem type of X-ray tube is shown, very diagram- 
matically, in Fig. 295. The electrons are supplied by spiral 
of tungsten wire, F, which can be heated to a suitable tempera¬ 
ture by passing a current through it from a small transformer. 
The filament is enclosed in a metal box M, which has a slit 
S immediately in front of the filament, the length of the slit 
being in the plane of the diagram. A sheet of electrons 
emerges from this slit and falls, as a narrow line, on a block 
of tungsten T, which forms the target, or anticathode. 
Looking through the window W, through which the X-rays 
emerge, the line is seen very much foreshortened, so that the 
rays appear to be coming from a very tiny rectangle. In this 
way we get an approximation to a point source of radiation, 
although the cathode rays are actually spread over a con- 
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Fig. 295.—X-ray Tube. 


siderable area of the target. Tungsten is used for the anti¬ 
cathode on account of its hardness and high melting-point 
but even tungsten would not stand up to the thermal and 

mechanical stram if the cathode beam was focused on a 
small area. 

To disperse the very large amount of heat produced (of 
the order of 2000 calories per second) the tungsten target is 
incorporated m a block of copper, C, which is continued as a 

copped vacuum, and cooled by radiating 

The working parts are enclosed in a vacuum tight glass 
and metal case, which is evacuated to the highest^posfible 

the cathode is"cow. the tube when 

The potendal for the tube is supplied by a step-un trans 
former which is immersed in high-insulation oil in order to 
p event discharges taking place between the high tension 
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secondary, and the primary which is approximately at earth 
potential. The potential supplied by a transformer is of 
course alternating, but the tube will only pass a current 
when the potential is in the proper direction to drive electrons 
from the hot electrode. The tube thus acts as its own 
rectifier, at any rate until the anticathode becomes red hot, 
as sometimes occurs. 

377 . The X-ray Spectrum.—The rays from the target of 
an X-ray tube form a continuous spectrum, just as the light 
from a white-hot body forms a continuous optical spectrum 
(§ 224). X-rays of every wave length are present from the 
longest which will pass through the walls of the tube up to 
a definite short-wave limit, which depends on the potential 
at which the tube is excited. In addition, the target emits 
a characteristic spectrum of its own, corresponding to the 
bright line spectra emitted by various elements when heated 
in the bunsen flame (§ 225). Just as a heated body, which 
at low temperature emits only infra-red radiation, begins to 
give out red light at a temperature of about 600°, and gradu¬ 
ally extends its spectrum into the yellow, blue, and even violet, 
as its temperature is progressively raised, so an X-ray tube 
emits shorter and shorter waves as the potential difference 
between its electrodes is progressively increased. A tube 
excited at 30,000 volts would give no radiation of wave length 
shorter than 4 x lo’® cm. ; a potential difference of 120,000 
volts must be applied to produce radiation with a wave 
length as low as 10*® cm. The minimum wave length is, in 
fact, inversely proportional to the excitation potential across 
the tube. Thus the higher the potential, the shorter is the 
average wave length of the radiation, and the more pene¬ 
trating its character. 

It must be remembered, however, that just as a white-hot 
body does not cease to emit infra-red radiation, so an X-ray 
tube at a high potential does not cease to emit the long wave, 
or softer, components. In fact, if the current through the 
tube remains the same it actually emits more of them than a 
“ soft ” tube. 

The precise nature of the radiation depends on the exciting 
voltage and on the nature of the target. In practice, how¬ 
ever, all targets are made of tungsten, so that the quality of 
the radiation can be specified by the voltage at which it is 
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378 . The Absorption of X-Rays.—The law of absorption 
of a homogeneous beam of X-rays is very simple. If a sheet 
of copper cuts down the radiation to one-half its initial 
intensity, a sheet of copper of twice the thickness will cut it 
do^ to J X or J of its initial intensity, a sheet three times as 
thick to J X I X ^ or ^ of the intensity, and so on. Absorp¬ 
tion of this kind is called exponential. In practice we can 
specify the absorbability of the radiation in a given absorber 

.. . it is required to cut down the 

radiation to one-half. This is known as the half-value 
thickness^ 


The penetrating power of the radiation increases very 
rapidly ^ the wave length diminishes. The half-value thick- 
ness varies very nearly as the cube of the wave length* This 

♦ !-■ __ • wave components of 

the mixed radiation from an X-ray tube. If the mixed beam 

IS passed through a filter of copper foil, the long-wave com¬ 
ponents, being very highly absorbed, are almost completely 
removed from the beam, while the short-wave components, 
bemg inuch more penetrating, are transmitted with com¬ 
paratively htUe loss. The radiation which is transmitted 
through the filter has, therefore, a much greater average 
penetrating power than the unfiltered radiation 

379 . Conduction through Gases.—It is found that an 
electroscope, charged either positively or negatively, rapidly 
loses ns charge if a beam of X-rays is allowed to fall upon 
It. i he loss of charge takes place through the air in the 
electroscope. X-rays have thus the property of imparting 
a small, but appreciable, electrical conductivity to the gas 
The conductivity is only temporary, and disappears wirhin 
a few sounds after the beam has been cut off. The absorp¬ 
tion of X-rays m the air causes a small proportion of the 
atoms to eject an electron with considerable rapidity. These 
electrons, m passing through other molecules knock off so 
to speak, an electron from them, leaving them positively 
charged, while the electrons so displaced attach themselves 
to neutral molecules of the gas, giving them a negative 
charge. In this way the gas has formed in it positively and 
negatively charged molecules, or gaseous ions as they are 
called by analogy with the ions in electrolytes 

If we establish an electric field across the gas, the gaseous 
ions wiU^move, the negative ones to the positive electrode 
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and the positive ones to the negative electrode, and thus 
convey a current through the gas. The phenomenon differs 
from electrolysis in that (a) the gaseous ions are not per¬ 
manent, but disappear when the X-rays are stopped (this is 
because the oppositely charged gaseous ions neutralise each 
other whenever they collide), and (( 5 ) the number of gaseous 
ions present in the gas at the same time is very minute, even 
when the beam of X-rays is intense. For these reasons 
tlie ionisation current through a gas does not obey Ohm’s 
Law. 

380 . Measurement of X-ray Dosage.—The number of 
ions formed in unit mass of air is directly proportional to 
the quantity of X-rays which pass through it (or, more 
correctly, to the amount of X-ray energy which is absorbed 


C 



Kig. 296.—X*Ray Dosimeter. 


in the gas). This provides an accurate method of measuring 
quantities of X-radiation. 

The quantity of X-radiation which liberates 1 electrostatic 
unit of electricity when passing through 1 c.c. of air at 
standard temperature and presstire is known as a “rbntgen,” 
and is the International standard of X-ray dosage. 

To make the measurement we use an ionisation chamber. 
For medical purposes this usually takes the form of a small 
paper thimble C (Fig. 296), coated with graphite to make it 
conducting and containing a known volume (one or two 
c.c.) of air. A graphite filament F, runs down the centre 
of the chamber, but is carefully insulated from it by an 
amber stopper S. The central electrode is connected by 
shielded wire to a calibrated electroscope E or other measur¬ 
ing instrument. The whole is known as a dosimeter, or 
iontoquantimeter. 

To use it, the central electrode is charged to a fairly high 
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potential. It must be remembered that we wish to measure 
all the ions formed by the X-rays, and, consequently, we 
rnust use a sufficiently large field to drive them all across the 
chamber before they have had time to recombine. The 
outer case of the chamber is connected to earth. If the 
chamber is placed in a beam of X-rays the charge on the 
electrode is gradually neutralised by the ions driven into it 
and the potential of the electroscope leaf falls. The quantity 
of electricity which has left the electrode is measured by 
the capacity of the system, multiplied by the fall in potential 
U these are measured m electrostatic units, and if the chamber 
has a volume of i c.c., this is the dose in rontgen. 

This rather roundabout method is necessary on accoimt 

of the very small current which has to be measured. A 

dose of one rontgen per second produces a current through 

1 o.c. of air of only 3-3 x io'»o amperes which is beyond the 

capability of any ordinary galvanometer. In some modem 

lorms of dosimeter, however, the very small ionisation 

current is amplified by a wireless valve amplifier, and can 

then be measured on a microammeter, with a pointer moving 

oyer a scale, which, if desired, can be graduated directly in 
rontgen. ^ 


381 . Radioactivity.—Following the discovery of X-ravs 
search was made to see if radiations possessing similar 
properties existed in nature apart from their artificial pro¬ 
duction in vacuum tubes. Becquerel found that radiations 
having very similar properties to X-rays, were given off by 
uranium and its salts. Elements which spontaneously emit 
ionising radiations are said to be radioactive. Uranium 

common radioactive elements, but 
some thirty-six others have now been discovered, of which 

radium is by far the most important. All these new radio¬ 
active elements are found, usually in extremely minute 

of uranium or of thorium. 

actuanJ• f•radioactive substances are 
fo ^ one of which is analogous 

to X-rays The existence of three types of radiation was 
realised before It w^ possible to determine their nature, and 
to avoid prejudice they were christened by the non-committal 

names alpha («-), beta (0-), and gamma (y-) rays 

The «-rays are atoms of helium shot out from 
the radioactive atom with speeds up to 10,000 miles a second 
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Each ct-particle has lost two electrons and consequently has 
a positive charge numerically equal to twice the charge on 
an electron. Each a-particle has sufficient energy to produce 
a tiny flash of light when it falls on a fluorescent screen. 
These scintillations can be seen by examining, for example, 
the lun^ous figures on the dial of a “ luminous ’’ watch. 
The paint used for these figures incorporates a minute trace 
of radium with a larger amount of fluorescent material. 

a-rays produce intense ionisation in any gas through 
which they pass ; a single a-particle may produce 200,000 
pairs of ions. They are thus easily detected by means of an 
ionisation chamber. The photographic effect of the a-rays 
is, on the other hand, small, a-rays are slightly deflected 
in strong magnetic fields. The smallness of the bending is 
due to the comparatively large momentum of the particles. 
The direction of the deflection shows that the particles are 
positively charged. 

a-rays spend their energy so prodigally that they are 
completely absorbed in 7 cm. or less of air, or in passing 
through two or three sheets of writing-paper. They are 
thus completely stopped in the containers usually employed 
in radium treatment. 

/ 3 -Rays.—The 0 -rays are simply negative electrons, and 
differ from cathode rays only in the fact that they are usually 
travelling with velocities much greater than those which it is 
at present possible to produce in a discharge tube. The 
fastest / 3 -rays from radium have speeds which correspond 
to cathode rays excited at ten million volts. The 0 -rays arc 
deflected in a magnetic field in the opposite direction to the 
a-rays, and, owing to their smaller momentum, to a much 
larger extent. They are also, on an average, considerably 
more penetrating, and can be detected through a millimetre 
of aluminium or ‘th mm. of lead. They produce ionisation 
in gases, though not so intense as that produced by a-rays, 
and they have a marked effect on a photographic plate. A 
very intense beam of / 3 -rays \vill cause a perceptible fluores¬ 
cence on a fluorescent screen. 

^-Rays.—y-rays are electro magnetic waves of exactly 
the same type as X-rays, and differ from X-rays only in being, 
on tlie average, of shorter wave length, and hence of greater 
penetrating power. The principal y-rays from radium 
correspond to X-rays excited at from 300,000 volts to i | million 
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are thus extremely penetrating and can be 

^adily detected through several centimetres of lead Like 

X-rays they produce ionisation in gases, and this property 

IS used for measurmg quantities of y-radiation. Quantities 

of y-radiation are measured in the same unit as quantities 

of X-radiation, that is, in rontgens, and by similar methods. 

bmce, however, the output of y-radiation from the small 

quantities of radium usually available is small compared 

v«th the output of an X-ray tube, the small ionisation chamber 

(Fig. 296) IS replaced by one of ten or even fifty times the 
volume* ^ 

If, as IS usually the case, we merely wish to compare the 

samples of radium, we can dispense 
with the ionisation chamber and its connections, and use the 

wMk ionisation chamber, since the metal 

walls of the electroscope are almost completely transparent 

o y-radiation. The volume of air in the electroscope, and 

the^roH-T*^^ capacity being both constant, the intensity of 
the radiation is directly proportional to the rate of fall of 

potential of the charged gold-leaf system. In other words it 
IS inversely proportional to the time taken by the gold-leaf’to 
pass from one fixed mark on the scale to another fixed mark 
on the scale. We do not even need to determine what 
actual potentials correspond to these fixed marks, so long as 
we are sure that they are large enough to saturate the chamber 
that IS, to collect aU the 10ns formed. A suitable electroscope 

noM leafT'h"^ IS shown in Fig. 297. It consists of a single 
! c ^ hinged at the top to a fixed brass plate B. l^e 

mefal ^bL^^C with airtight earth-connected 

metal box C, with a small window, through which the leaf 

can be viewed by a fixed low-power microscope having a 

nrarP ^ eye-piece. This method is of gfeat 

practical importance, as the quantity of radium in an^ ap- 

^t^h thVt" o^f ""h comparing its y-ray emission 

radium. ^^^^ard tube containing a known quantity 

7 -rays, being electro-magnetic waves, are not deflected in 

the oT , “ a magnetic field provfdes 

the only satisfactory discrimination between the dilTerent 

types of radiation. Although on an average /3-rays are 

much more penetrating than a-rays, and y-rays than l-ravs 

some radioactive bodies give off very slow /3-particles, which 
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are no more penetrating than a-rays, and some swift 
^-particles may be as penetrating as long wave 7-rays. The 
magnetic relation of the three types is illustrated in Fig. 298. 

Radioactivity is due to the fact that the two elements of 
lughest known atomic weight are not quite stable. Occa¬ 
sionally an atom of uranium breaks up and ejects an «-particIe, 
thus forming a new atom with an atomic weight four units 
less than that of the parent atom, and of quite different 
chemical properties. The process in the case of uranium is 
very slow—it would take about 4*5 x io» years to transform 
lialf the uranium. The new element is itself more unstable 
than uranium, and changes spontaneously into still a new 
radioactive element. So the process goes on from stage to 
stage, until finally the original atom of uranium is transformed 
to an atom of lead. This element is completely stable, and 
the radioactive process ceases. Radium is one of the stages 
in this radioactive chain, and, from a practical point of 
view, the most important. 

382 . Radium, and its Products.—Radium is a silver white 
metal of atornic weight 226, belonging to the same chemical 
family as calcium and barium, the latter of which it re¬ 
sembles so closely in its properties that the two can only be 
^parated by the fractional crystallisation of their chlorides 
The radium of commerce is, of course, a salt of the metal 
usually the bromide or chloride. Radium is formed from 
uraniurn and is, therefore, present in uranium ores. Com¬ 
pared with uranium, radium has only a very brief existence— 

It decays to half its original amount in 1580 years. Since 
radium is being produced extremely slowly, and disappearing 
fairly rapidly, the maximum amount which can be present 
m any uranium ore is extremely small, and the cost of extrac- 

hT,, hopeless to expect any 

deposits had originally existed in the 

transformed into 

tadium emits only a-particles, and consequently is of 
no therapeutic value. When, however, a radium atom ejects 
an a-particle it is transformed into an atom of a new elernent 

1 he transmutation of the element is particulari; 
ikmg m this case because while radium is a metal, radon 

IS SL 
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Radon has an atomic weight of 222 (J.e. 226-4) and is a 
heavy, inert gas, belonging to the same chemical family as 
helium and argon. It is much more unstable than radium, 
and decays to half its amount in 3*825 days—a fact which 
must be allowed for when radon is used for medical treat¬ 
ment. Radium is always kept in airtight containers in 
order to prevent the escape of this radioactive gas. 

Radon can be collected for use in radiotherapy by dis¬ 
solving the radium salt in dilute hydrochloric acid. If the 
pressure on the solution is reduced, the radon can be pumped 
off, mixed with hydrogen and oxygen (liberated by the action 
of a-rays on water), carbon dioxide, water vapour, and a 
little helium formed by the a-particles which are atoms of 
helium. The hydrogen and oxygen are made to recombine 



Radium RodafO. Radium Radium Radium 
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Fig. 299. —Transformation of Radium. 

by sparking in a eudiometer tube, the water vapour and 
carbon dioxide are removed by phosphorus pentoxide and 
potash. The remaining gas is passed into a tube surrounded 
by liquid air, where the radon is frozen solid. The remaining 
gases can be removed by high vacuum pumps. The pure 
radon can then be allowed to evaporate into suitable con¬ 
tainers, simply by removing the liquid air. 

Radon itself emits only a-particles. As it decays, how¬ 
ever, it is transformed into a solid deposit, which after two 
rapid changes (which need not concern us here) passes into 
another radioactive element known as radium C. It is 
radium C which gives out the extremely active y-radiation 
which is actually employed in radium treatment. The whole 
sequence is shown in Fig. 299. 

383 . Radioactive Equilibrium.—The atom of a radio- 
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active element is not quite stable. There is a chance, often 

very minute one, that it will disintegrate with the emission 
either of an a or / 3 -particle, and form an atom of an entirely 
dilFerent element. It seems to be purely a matter of chance. 
The change goes on at precisely the same rate whatever the 
external conditions may be, and it does not depend in 
the least on the age of the atom. Radon, which has been 
kept in a tube until only of its activity remains, 

still decays at precisely the same rate as freshly formed 
radon. The number of atoms disintegrating per second is 
thus directly proportional to the total number of atoms of 
that kind present. In radium, for example, fourteen in 
every million million atoms emit an a-particle and change 
into atoms of radon every second. 

Neglecting the entirely negligible percentage loss of 
radium atoms due to this transformation, we see that 10^2 
radium atoms will be producing radon atoms at a steady 
rate of 14 per second. Now radon is itself unstable. There 
is a chance of about 2 in a million that any radon atom will 
disintegrate within one second. This is negligible while the 
number of radon atoms is small and radon will begin to 
accimulate. When, however, we have thus accumulated a 
million radon atoms, we shall be losing them at an average 
rate of two per second, and when we have accumulated 
seven million radon atoms we shall be losing them at the 
rate of 14 per second, which is exactly the rate at which 
they are being produced from the radium. The system is 
then in equilibrium, and there will be no further change in the 
proportion of radon to radium atoms in the mixture. This 
is known as radzoacizve equilzbrzum. For the particular 
case we are considering, radioactive equilibrium is practically 
established in about three weeks. ^ 

7 'he quantity of radon which is in radioactive equilibrium 
with one gram of radium is known as a curze —the zzzillicurze 
IS the -it>*<57^th part of a curie. A curie of radon occupies 
a volume of about 0-66 cubic millimetres at normal tempera¬ 
ture and pressure. It will be seen from the previous argu¬ 
ment that when equilibrium has been established the ratio 
of the number of atoms of radon to the number of atoms of 
radium is equal to the rate of decay of radium divided by 
the rate of decay of radon. The rate of decay of a radio¬ 
active substance is known as its radzoacizve cozzsiazzt 
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We can obviously extend the argument to the production 
of radium C from radon. The only effect of the inter¬ 
mediate products is to extend the time taken to establish 
equilibrium. Thus within a few weeks after it has been 
prepared in a pure state, radium will consist of a mixture 
of radium, radon, and its further disintegration products (at 
any rate as far as radium C) in a state of radioactive equili¬ 
brium. The amount of radium C present in the mixture 
will be directly proportional to the amount of radium. It 
will be remembered that it is the y-radiation from radium C 
which is actually used in radium therapy. 

The process goes on in much the same way if the radon is 
separated from the radium, and after about five hours the 
radon and the radium C achieve a state of radioactive 
equilibrium, after which the amount of radium C in the tube 
is directly proportional to the ajnount of radon. We can, 
therefore, use the y-radiation from the radium C as a measure 
of the amount of radon in the tube. The y-ray electroscope 
can thus be used to measure quantities of radon, although 
radon itself only emits a-rays. 

It will be realised that the total y-ray activity due to a 
gram of radium is precisely the same whether we seal the 
radium in a tube and allow the radon to decay in si/Uj or 
whether we ptunp off the radon and use it separately. 

384 . Artificial Radioactivity.—With the exception of 
potassium, which gives off a weak / 3 -radiation, uranium, and 
thorium and their disintegration products are the only 
naturally occurring radioactive elements. It has been found, 
however, that by bombarding some of the lighter elements 
such as sodium, aluminium, and nitrogen, with atoms which 
have been given very high velocities in a million-volt electrical 
discharge, these elements can be rendered temporarily radio¬ 
active. Amounts of radio-sodium equivalent to a milligram 
of radium have been prepared. The activity falls to half 
value in about fifteen hours. These elements do not seem to 
give rise to radioactive products ; the whole activity ceasing 
when the first change is completed. If, however, high voltage 
technique develops sufficiently to enable these substances 
to be produced at a reasonable cost, they may have im¬ 
portant applications in radiation therapy. 
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EXAMINATION QUESTIONS.—XIX 

1. How would you show that the heat developed in a wire 
in which a current is flowing varies as the square of the 
current ? 

2. A cell capable of maintaining a constant potential 
difference of 2 volts between its terminals is used to send a 
current through two resistance coils each of 2 ohms resistance. 
Compare the rates of production of heat in the coils (a) when 
they are connected in series, {d} when they are connected in 
parallel. 

3. State the law concerning the generation of heat in an 
electric circuit. A wire resistance has its terminals maintained 
at a potential difference of 100 volts. If the current through 
the wire is 5 amperes, how many calories of heat are de¬ 
veloped per hour ? 

4. An electric kettle working off the 220-volt circuit will 
raise a litre of water from 12'’ C. to boiling-point in ten 
minutes. Calculate the current through the kettle. (The 
whole of the heat produced may be assumed to be given to 
the water.) 

5. Discuss the effect of temperature upon the resistance of 

a metal. How may the effect be used to measure high 
temperatures ? 

6. Describe some delicate instrument for detecting heat 
radiation, and explain the principles involved. 

7. What is an induced current? Describe some of the 
ways in which a current can be induced in a circuit. 

8. How would you illustrate the phenomenon of the 
induction of currents ? 

9. A large coil of wire lying on a table has its ends joined 
to the terminals of a galvanometer. Explain what happens 
(a) when the coil is turned over, (^) when it is turned over a 
second time. 

10. Describe the construction and explain the action of an 
induction coil. Why is it important that the current in the 
primary should be interrupted rapidly ? How is this effected 
in practice ? 

I r. Describe a method by which alternating current may be 
generated. 

12. Describe some machine by which direct current can be 
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produced by mechanical means. Explain the principles on 
which it acts. 

13. Discuss the evidence for the statement that the 
cathode rays consist of negatively charged particles. 

14. What are X-rays, and how are they produced? Give a 
brief account of the properties of the rays, 

15. What do you understand by the term ion? Describe 
briefly the part the ions play in the transmission of electricity 
through gases and liquids. 


ANSWERS TO NUMERICAL 

EXAMPLES 

BOOK I.— MECHANICS AND PROPERTIES OF 

MATTER 


7. 

8 . 
11 . 


Examples. — Chapter I, p. 7 

• 16-4 c.c. 4, 28*3 litres. 5, 2i-6x i6-i; so cms 

^ 500 cub. ft. ; 14,158 litres ; 14,158 kilograms ; 31,2151b. 

Examples.—Chapter II, p. 19 

• 88 ft. per sec. ; i'6o9 kilometres per min. 

. 750 m.p.h. ; 335-3 metres per sec. 3 . 4 see. ; 160 ft 

5 ri. , 144 9 tt, s. 5 097 metres ; 2-04 sec. 

Examples.—Chapter III, p. 28 
. ii-i; 8-3X10*; 3 X io« e.G.S. units. 

: p ®- 54-750 poundals. 

^ plains. 9^ gSi cms. per sec. 

Examination Questions. — p. 30 
0-183 ft. per sec. per sec. ; 3 miles. 

3 07X lo» ft. per sec. per sec. ; 3-67x 10’ poundals. 

Examples.—Chapter IV, p. 40 
6i-8 m.p.h. at 14** W. of S. 

^ 1000 dynes. 

No dynes) ; 490-5 cms. per sec. per sec. 

of^triangle ’ '' canno? form the sides 

gm^wt. tt: firgrlms."^^' ^Hogm. wt. 

Examples.—Chapter V, p. 46 
577 - 4 , (a) 163-5 gm- wt. ; (*) 336 5 gm. wt. 

Examples.—Chapter VI, p. 54 
| 9"4 wauf^ I* -45X to^ ergs 

24-6 ft. per sec. (=17 m.p.h. nearly). * 
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Examination Questions. — 11 ^ p. 55 


1 . 

2 . 

5 . 


6 . 

7 . 



at 30® to vertical. 


lb. wt. 3 . 2 1^/2 in N.W. direction. 

Momenta are equal and opposite ; K.E. of bullet; K.E. of rifle as 
M : m. 

152,070 cubic ft. 

5600 ft. lb. ; 017 H.P. ; 5600 ft. ib.; 0 085 H.P. 


Examples.—Chapter VII, p. 62 

1 . 56 lb. wt. 2 . 46! lb. wt. 3 . 

4 . 280 lb. wt. 6. 93I lb. wt. 


Examples. — Chapter VIII, p. 70 

2. 6 lb. wt. ; 2 ft. from larger force. 

3 . 5 lb. 4 , ft. from man’s end. 

6. 13^ oz. 7 . (a) 55 cm. division; ( 6 ) 54 cm. division. 

Examination Questions,—Hit P» 84 

2 . 314 ; 3’i 8 kilograms wt. 5 . 120 lb. 10 . 0*048 mm. 

Examples. — Chapter X, p. 98 

1 . I’S gram per c.c. 2 . 7600 kilograms. 3 , 4375 1 ^* 

4 . i* 39 ' 5 . 2-5. 7 . 3*31 : i. 8. 2*7 cm. 

Examples.—Chapter XI, p. in 

1. 288 lb. 2. 45*6 ft. 

3. 3 38X 10* lb. per sq. ft. 6. 16*7 tons wt. 

Examples. — Chapter XII, p. 119 

2 . 333i grams wt. 3 . 8. 4 . o* 7 S- 6. 0*75. 7 . 13J grams. 

8 . I : 1056 . 9. 7*2. 11. 10*5 c.c. 12. 50*32 grams, 

Examination Questions.—IVy p. 122 

3 . 36*87 kilograms. 

5 . Sides, 9x10' and 4*5 x 10* lb. wt. ; base, i *2 x io« lb. wt. 

6. 0*90. 3 . 28*68 c.c. 

Examples. — Chapter XIII, p. 129 
1. 5 c.c. 3 . 1034 cms. 5 . 769 atmospheres, 

Examination Questions .— p. i 43 

3 . 1-OI4X 10 ® dynes per sq. cm. 7 . 76 cm. 


BOOK II.—HEAT 

Examples.—Chapter II, p. 169 

1 . 100*0267 cms. 2. 12*2 inches. 

4 . Wood, 30 cms. ; copper, 10 cms. 6. 0*000185. 

6. 0 000152; 0000179. 


3. 8 S1. 
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Examples.—Chapter III, p. 178. 

I* 278-45 c.c, 2 . 2-01 atmos. 3. eo7® C 

6. 407-5 C.C. 7. 739 c.c. S.' 

St ..Q Examination Questions,—V/, p. 180 

o. 520 c.c. 

Examples.—Chapter IV. p. 193 

4' cTo grams. 

7 . (fl) 281-2 grams ; (^) 333*3 grams. ’ ”9 grams. 

Examination Questions, VII, p, 207 
4 . 100-7 grams. 5 . 17 02. 10 , 58^-7 C. 

Examples.—Chapter VI. p. 220 

2. 51*1%. 


3 . 0 -H 2 . 

6. 35.‘*^00 caL 
8. 624'» C. 


11. 0-57. 


54 * 4 %. 


4 . 359*3 c.c. 


Examples.—Chapter VIII, p. 248 
3 . 355 metres per sec. 4. 4-2 x 10’ ergs per cal 

Examination Questions .— VIII, p. 2C0 

10. 171*3 metres. 


BOOK III.—LIGHT 


1 . 

8 . 


3 . 

5 . 


Examples 

4 metre-candles. 

I : 6-25. 


—Chapter I. p. 261 

2, 16 candle-power. 
4. 7i ; I ; 12 %. 


1 5 cms. in front; i. 
—6 cms. 


Examples.—Chapter III, p. 292 


Examples. 
4. —-I 2 cms. ; convex. 

®* •—10 cms. 


5 . 

9 


Examination 

^ cms. ; concave. 
Concave; *<—24'' 


4 . 13J cms. 

7 , Concave ; 8 cms. focal length. 

-Chapter IV, p. 311 

5 . 25 cms. 6. 15 cms 

0. —40 cms. ; convex. 

Questions .— -V, p. 321 

6. 5 cms. behind ; 2 erns. high. 
10. 6 cms, from surface. 


3. 


2 . 


4. 


Examples.—Chapter VI, p. 339 
Convex; -43g,,. 

Examination Questions. — XI, p. 341 
3 45 . from lens ; magnification, y^. 4 . Convex ; x 33J cms 

1.53. Examination Questions.—XIJ, p. 363 
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BOOK IV.—SOUND 

Examples.—Chapter I, p. 378 

1 . 1056 ft. per sec. 2 . 18* I sec. 5 . 8-05 kilograms. 

6. 480 per sec. 7 . 124 cms. ; 498 cms. 

8. 1100 ft. per sec.; 2750 ft. 9 . 259 per sec. 

Examination Questions. — Xllly p. 389 

2. 260. 6. 572. 6. 13J inches. 

BOOK V.—MAGNETISM AND ELECTRICITY 

Examples.—Chapter II» p. 412 

1 . lodynes. 2. 8 units. 3 . 90 dyne-cms. 

4 , 0-0625 gauss. 6, Moment, 651 ; pole strength, 108*5. 

6. 1 : 1*36. 7 . 8 : 27. 8. iii*8. 9 . 54 units. 

Examination Questions. — XIp. 420 

7 . 800 units. 12 . 0*356 gauss. 

Examples.—Chapter VI, p. 452 

1 , {a) 2000 ; ( 3 ) 100,000 ergs. 2 . 795. 3 . 100 units. 

4 . (a) 400,000; ( 3 ) 2x 10’ ergs. 5 . (a) 2 units ; ( 3 ) 2000 ergs. 

Examination Questions. — XV^ p. 461 

8. Force is 15 . 2 dynes ; 0*25 dyne. 

Examples. — Chapter VIII, p. 474 

1 . (a) 25*1 gauss; ( 3 ) 3*77 gauss. 

2. 0‘0i44 amp. 8. o*oo66 amp. 

4 . 0'0ii7 amp. 5 . 240 coulombs. 6. 0*057 amp. 

Examination Questions. — XVI^ p. 482 
6. 0*127. 7 . 0*229 amp. 

Examination Questions. — XVII^ p. 492 

3 . 70*85 grams. 4 , 0*00001036 gram per coulomb. 5 , 0*149 amp. 
8, 0*85 pence. 


Examples.—Chapter XII, p. 510 

1. 14 amp. 2, 800 ohms. 

3 . 100 ohms ; 2 amp. 5 . ohm. 

6. 0*51 ohm. 7 . 9*65 X lO'® ohms per cm. cube. 

8, (a) Parallel; ( 3 ) series. 9 . 2000 ohms. 10 . 14 ohms. 

Examination Questions.—Xy/II, p. 523 

9 . 3*248 X 10'® ohms per cm. tube. 10 . i ohm. 

11 , 5’i.th resistance of milliammeter. 14 . 1*36 ohm. 

17 . 1*38x10'* cm. 18 . ohm. 19 . ;^ 4995 * 

Examination Questions.—XIXy p. 571 

3 , 4*286x lo*^ cal. 4 . 2*8 amp. 


2. 1:4. 
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Absolute scale of temperature, 
173 - 

— zero of temperature, 173. 
Absorption spectra, 348. 

— of o-rays, 564. 

-/ 3 -rays, 564. 

-yrays, 565. 

-X-rays, 561. 

Acceleration, composition of, 32. 

— definition of, 14. 

— due to gravity, i8, 25, 73. 
Accumulator, 497. 

Achromatism, of lenses, 353. 

— of magnif^ng glass, 353. 

—• of parallel plates, 353. 

—^ of prisms, 351. 

Air manometer, 142. 

Air pumps, compression, 132. 

-exhaust, 132. 

—;—vacuum, 134. 

Air thermometer, constant pres¬ 
sure, 177. 

-constant volume, 176. 

-differential, 178. 

Alpha rays, 564. 

Alternating current, 54 

-dynamo, 542. 

-transformer, 543. 

Ammeter, 478, 519. 

Ampere, definition of, 471. 
Ampire's law, 476. 

Aneroid barometer, 128. 

Anode, 481, 551. 

Anticathode, 559. 

Antinode, 373. 

Aqueous vapour, maximum pres- 
sure of, 212, 244. 
Archimedes, principle of, 113. 
Area, measurement of, 5. 

— units of, 5. 

Astatic galvanometer, 473. 
Astigmatism, 328. 

Astronomical telescope, 331 

37 


Atmosphere, pressure of, 123. 

— water vapour in, 215. 

Balance, common 67. 

— effect of centre of gravity of 

beam, 82. 

— equilibrium of, 81. 

Barometer, aneroid, 128. 

— mercury, 124. 

— water, 125. 

Battery, electric. See Cell. 

Beats, formation of, 375. 

Beta rays, 564. 

Black*s ice calorimeter, 189. 
Boiling-point, 200, 201. 

— of solutions, 202. 

— of water under reduced pres* 

sure, 204. 

— variation of, with pressure. 

200, 204. 

Boyle*s law, 128. 

Bramah press, 103. 

Bunsen's ice calorimeter, 199. 

— photometer, 259. 

Buoyancy, of gases, 107. 

— of liquids, 113. 

Caloric, theory of, 238. 

Calorie, definition of, 183. 
Calorimeter, Black’s, 191. 

— Bunsen’s ice, 199. 

— Joly’s steam, 192. 

— water equivalent of, 187. 
Calorimetry, 185. 

Camera, photographic, 323. 

— pin-hole, 253. 

Capacity, electrical, 446. 

— specific inductive, 436, 448. 
Capillarity, 96. 

Capstan, 59. 

Cathode, 481. 

Cathode rays, 551. 

-charge carried by, 554. 


577 




INDEX 


Cathode rays, electric deflexion of, 
553 - 

-magnetic deflexion of, 552. 

Cell, bichromate, 495. 

— Daniel], 494. 

— dry, 497. 

— Lelanch^, 496. 

— secondary, 497. 

— voltaic, 450, 493. 

Cells, effect of, in series and in 
parallel, 509. 

— electromotive force of, 500, 517. 

— internal resistance of, 522. 

— polarisation of, 494. 

Centig^rade scale of temperature, 

147. 

Centre of gravity, 77. 

-determination of, 78. 

-effect of, on equilibrium of 

body, 80. 

— — position of, for solids of 

different shapes, 79. 

Change of state, 194, 233. 

Charge, electrical, 422. 

-distribution of, 430. 

-unit of, 424, 471. 

Charges, law of force between 
electric, 433. 

Charles's law, 171. 

Coefficient of expansion, of gases 
171, 174. 

-of liquids, 162, 163. 

-of solids, 157. 

Coefficient of friction, 44. 

Colloids, 245. 

Colour, 348. 

Compensated balance wheel, 160. 

— pendulums, 158. 

Components of a force, 37* 
Composition of forces, 33. 
Compression of gases, 127. 

Concave lens, 299, 302, 318. 

— mirror, 277, 283, 314 - 
Condenser, electrical, 447. 

-energy of, 45 *- 

— parallel plate, 448. 

— principal of, 450. 

Condensing electroscope, 459. 
Conduction, electrical, 423. 

— in gases, 561. 

— of heat, 224, 247. 

— theory of, 555. 

Consequent poles, 394 - 
Conservation of energy, §i e/ seq. 

■— of heat, 184. 

— of momentum, 28. 


Convection of heat, 222, 223. 
Converging power of lenses, 310. 
Convex lens, 299, 302, 306, 317, 

329* 

— mirror, 279, 285, 315. 

Cooling curve, 194, 233. 

Cooling, Newton’s law of, 239. 
Coulomb, defi^nition of, 471. 
Coulomb's torsion balance, 429. 
Critical angle, 276. 

Crookes' dark space, 551. 
Cryophorus, 158. 

Crystalloids, 246. 

Curie, 569. 

Current, electrical effects of, 463 
et seq. 

-magnetic moment of, 476. 

— measurement of, 468, 476. 

— production of, by heat, 527. 

— units of, 468, 470. 

Dalton's law of partial pressures, 
214. 

Daniell cell, 496. 

Davy^ experiments on relation 
between heat and work, 
238. 

— safety lamp, 227. 

de la Hive's floating battery, 476. 
Declination, magnetic, 487. 
Demagnetising force, 397. 

Density, 85. 

— change of, with temperature, 

161. 

— determination of, 86. 

— maximum, of water, 168. 

— of water, 85. 

— relation of, and pressure for a 

gas, 129. 

— See also Specific Gravity. 

Dew, 215. 

Dew-point, 215. 

— determination of, 217. 

— relation of, and hygrometric 

state of the air, 217. 

Diatonic scale, 371. 

Dielectric constant, 436. 

Diffusion, 244. 

Dioptre, 310. 

Dip circle, 419. 

Dip, magnetic, 416. 

— measurement of, 418. 

Direct vision of spectroscope, 352. 
Discharge tube, 550. 

Dispersion of light, by a prism, 

34 *- 
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Dispersion of light, by lenses, 

349 * 

Displacement, definition of, 13. 
Displacement-time diagram, 14. 
Distribution of charge on surface 
of a conductor, 430. 
Dynamo, alternating current, 540, 

542. 

— direct current, 544. 
D3mamometer, 27. 

Dyne, dehnidon of, 23. 

Harth^s magnedc held, intensity 
of, 417. 

Ebullition, 244. 

— laws of, 201. 

Echoes, 366. 

Eddy currents, 536. 

Elasdc limit, 91. 

Elasticity, 88. 

— volume, 89. 

Electric charge, distribution of, 
430. 

-unit of, 434, 471. 

Electric charges, law of force be¬ 
tween, 434. 

Electric current, 460, 463 et seq. 
Electric held, 436. 

-lines of force in, 436. 

Electric intensity, 436. 

Electric machines, 463 et seq. 
Electric resistance. See Resistance. 
Electrical attraction, 422, 429. 

— condensers, 447, 451. 

Electricity, vitreous and resin¬ 
ous, 422. 

— positive and negative, 423. 

— thermo-, 527. 

Electro-chemical equivalent, 48q. 
Electrode, 483. 

Electrolysis, Faraday’s experi¬ 
ments on, 484. 

— Faraday’s laws of, 485. 

— theory of, 487. 

Electrolyte, 483. 

Electro-magnetic units, of cur¬ 
rent, 468. 

-of potential, 498. 

Electro-magnets, 479. 

Electrometer, quadrant, 445. 
Electro-motive force, 441, 498. 

-alternating, 542. 

•— — induced, 537. 

!*-lectro-motive forces, com¬ 
parison of, by tangent 
galvanometer, 517. 

37 * 


Electro-motive forces, comparison 
of, by potentiometer, 250. 
Electromotor, 546. 

Electron, 554, 

Electrophorus, 454. 

Electroscope, condensing, 459. 

— gamma ray, 565. 

— gold-leaf, 424, 427, 440, 444, 

562, 566. 

Emissivity, 232. 

Energy, conservation of, 51. 

— dehnitioD of, 51. 

— dissipation of, 53. 

— electrical, 499. 

— heat, a form of, 239. 

— kinetic and potential, 51. 

— radiant, 245. 

Equilibrium of a balance, 8i. 

— of a body on a plane, 80. 

— of co-planar forces, 66. 

— of two liquids in a U-tube, 

108. 

— radioactive, 569. 

Equipotential surface, 443. 

Erg, dehnition of, 49. 

Evaporation, 202, 243. 

E-wing, molecular theory of mag¬ 
netism, 396- 

Exchanges, Prevost’s theory of, 
233 - 

Expansion of gases at constant 
pressure, 170. 

— of gases at constant volume, 

174- 

— of liquids, absolute, 162 ; rela¬ 

tive, 164. 

— of solids, linear, 156 ; super- 

hcial, i6i ; cubical, i6l. 

— of water, 166. 

— on freezing, 196. 

Eye, 323. 

— defects of, 325- 

— near point of, 325. 

Fahrenheit scale of temperature. 
150. 

Falling bodies, experiments on, 

72. 

-motion of, 18. 

Earaday, experiments on electro¬ 
magnetic induction, 532. 

— ice-pail experiments, 428. 

— laws of electrolysis, 483. 

— laws of induction of currents, 

532- 

Field, electric, 436. 
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Field, magnetic, 400, 404. 

Field due to magnet in 
on ” position, 406. 

-in broadside-on ” position, 

407. 

-representation of, by lines 

of force, 402. 

J^tzeau, velocity of light, 354. 
Flicker photometer, 260. 

Floating bodies, 115. 

Flow of heat along a bar, 225. 
Fluid, definition of, 92. 

Focal lengths, of lenses, 299. 

-of mirrors, 283. 

-measurement of, lenses, 317, 

318; mirrors, 314, 315. 
Focus, principal of lenses, 299. 

-of mirrors, 281. 

Foot-poundal, definition of, 49. 
Force, absolute units of, 23, 

— between electric charges, 433. 

— between electric currents, 479. 

— between magnetic poles, 399. 

— components of, 37. 

— definition of, 22. 

— gravitational units of, 25. 

— lines of, 402, 436. 

— measurement of, 23, 26, 

— resolved parts of, 38. 

Forces, composition of, 33. 

— equilibrium of, 25. 

— equilibrium of parallel, 63. 

— graphical representation of, 

34. 

— parallelogram of, 34. 

— resolution of, 36. 

Foucault, velocity of light in re¬ 
fracting media, 355. 

Fraunhofer lines, 348. 
Freezing-point, 152, 194. 

— of solutions, 202. 

Frequency, 369. 

Friction, experiments on, 42. 

— laws of, 43. 

Fusion, laws of, 197. 


Galileo's experiments on falling 
bodies, 73. 

— telescope, 344. 

Galvanometer, astatic, 473 * 

— constant, 470. 

— moving coil, 477. 

— tangent, 469. 

— Thomson, 472. 

Galvanoscope, 465. 

Gamma rays, 565. 


Gases, 94. 

— compressibility of, 127. 

— conductionofelectricity through 

561. 

— thermal conductivity of, 230. 

— thermal expansion of, at con¬ 

stant pressure, 170; at 
constant volume, 174. 

Gas scale, 150, 173. 

Gas thermometer, constant pres¬ 
sure, 177. 

-constant volume, 176. 

-differential, 177. 

Gauss, definition of, 345. 

Gold-leaf electroscope, 424, 440, 
444, 566. 

Graham's law, 245. 

Gravitation, 24. 

— law of, 76. 

Gravitational units of force, 25. 
Gravity, acceleration due to, 18, 

25 » 73 - 

— centre of, 77. 

— determination of, 73, 74. 


Harmonics, 375. 

— for a closed tube, 384. 

— for an open tube, 385. 

Heat and temperature, 144. 

— capacity for, 183. 

— conduction of, 224. 

— latent, 188. 

— mechanical equivalent of, 241, 

527.^ 

— nature of, 242. 

— production of, by electric cur* 

rent, 525. 

— specific, 183. 

— unit of, 182. 

Hope's experiment, 168. 
Horse-power, 49. 

Humidity, 216. 

Hydraulic lift, 107. 

— press, 103. 

Hydrometer, common, 116. 

— Nicholson’s, 118. 

Hydrostatic, balance, II4. 

— paradox, 106. 

Hygrometer, chemical, 216. 

— L>aniell's, 217. 

— Regnault’s, 218. 

■— wet and dry bulb, 219. 
Hygrometric state, 216. 
Hygrometry, 215. 

Hypermetropia, 326. 

Ilypsometer, 152. 
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Ice-pail experiments, 428. 
Illunriinating power of a source of 
light, 256. 

Illumination, intensity of, 256. 
Image. See Optical Image. 
Inclined plane, 39, 58. 

Index of refraction, 271. See 
also Refractive Index. 
Induction coil, 538. 

Induction, electric, 426, 428 ; 

effect of medium on, 4-16 ; 
lines of, 438. 

— electro-magnetic, 532 et seg. 

— magnetic, 392. 

— of currents, laws of, 535, 537. 
Inertia, 22. 

Ingen‘IIausz*s experiment, 24. 
Insulators, 423. 

Intensity, electric, 436. 

— of illumination, 256, 257. 
Intervals, musical, 372, 

Ions, gaseous, 561. 

— electrolytic, 488. 
lontoquantimeter, 562. 

Isoclinals, 412. 

Isogonals, 411. 

Isotonic solutions, 247. 

/oly, steam calorimeter, 192, 

Joule, definition of, 501. 

/oule's cquiv.nlent, 241. 

-mechanical determination 

of, 240, 241. 

-electrical determination of, 

527. 

Kilogram, 3. 

Kilowatt, 500. 

Kinetic energy, 51. 

Kundt's tuhe, 387. 

Lantern, projecting, 322. 

Latent heat, of fusion, 188. 

-of steam, 190, 202. 

Laws of induction, 535, 537. 

— of motion, 21. 

Lens, achromatic, 351. 

— converging power of, 310. 

— focal length of, 299. 

— formula connecting position 

of image and object, 305. 
-magnifying power of, 331. 

— principal focus of, 299. 

— refraction through, 304. I 

— vision through, 329. I 


Lenses, 298. 

— combination of, 309. 

Ienz*s law, 535. 

Levers, 61. 

I^yden jar, 449. 

Light, corpuscular theory of, 356. 

— monochromatic, 346. 

— nature of, 247, 252, 

— polarised, 359. 

— relation of, to radiant heat. 
360. 

— ultra-violet, 361. 

— velocity of, 355. 

— wave theory of, 359. 

Light, white, 34c. 

Lines of force, electric, 436 et seg. 

— —; magnetic, 402-405. 

Liquids and gases, distinction be- 

tween, 93, 

Litre, 3. 

Lodestone, 390. 

Long-sight, 326. 

Machines, 57. 

— efficiency of, 58. 

— principle of work applied to, 

Magdeburg hemispheres, 124, 
Magic lantern, 322. 

Magnetic axis, 391. 

— equator, 407, 416. 

Magnetic field of a current, 464, 

465, 467. 475 - 

-of the earth, 400. 

-of a magnet, 404 j calcula¬ 
tion of, 406. 

-unit of, 400. 

Magnetic fields, comparison of, 
409 » 411- 

— induction, 392. 

— length of a magnet, 391. 
moment, 402 ; determination 

of by magnetometer, 410. 
-of a current circuit, 477. 

— poles, 268. 

— shell, equivalence to a current, 

476. 

— substances, 394. 

Magnetism, molecular theory of 
XT 395 - 

Magnietomcter, deflexion, 409. 

— vibration, 411, 

Magnets, production of, 393, 394 
4 19.. 479 - 

Magnification, hy lenses, 299. 

— by mirrors, 291. 
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Magnifying glass, 330. 

-achromatism of, 353. 

Magiiifying power, of lens, 331. 

-of microscope, 336. 

-of telescope, 333. 

Manometers, 139. 

Mass, units of, 3. 

— and weight, 23. 

Maximum vapour pressure, 204, 
212. 

Mechanical advantage, 57. 

— equivalent of heat, 241, 527. 
Melting, change of volume on, 195. 
Melting-point, 195, 200 ; change 

of, with pressure, 197. 
Membranes, semipermeable, 246. 
Mercury barometer, 124. 

— thermometer, 153, 
Metre*candle, 256. 

Metre, definition of, 2. 

Metric system, 2. 

Micrometer gauge, 4. 

Microphone, 548. 

Microscope, 335. 

— magnification of, 336. 

— measurement of refractive index 

by, 336. 

Millicurie, 569. 

Mirrors, measurement of focal 
lengths of, 314, 315. 

— plane, 266 e/ seg. 

— spherical, 279 et seg. 

Molecular theory of heat, 242 

ct seg. 

Molecular theory of magnetism, 

395 - 

Moment, magnetic, 402. 

Moment of a force, 65, 66. 
Momentum, conversation of, 27. 

— definition of, 21. 

— rate of change of, 21. 
Monochord, 373. 

Motion, of falling bodies, 18. 

— in a straight line, equations 

for, 15-17- 

Moving bodies, energy of, 50. 

— coil ammeter, 478, 519. 

-voltmeter, 519. 

Musical intervals, 372. 

— pitch, 370. 

— quality, 375. 

Myopia, 325. 

Natural magnets, 390. 

Neutral points in magnetic field, 
406. 


Neivton, corpuscular theory 0/ 

light, 356. 

— law of cooling, 235. 

— laws of motion, 21. 

Nicholsoriy hydrometer, 117. 

Node, 373. 

Ohm's law, 503. 

Ophthalmoscope, 336. 

Optical image, 265. 

— — formed by a lens, 300. 

-formed by a plane mirror, 

266, 318. 

-formed by refraction through 

a plate, 273, ^19. 

— — graphical method of finding 

position of, 285, 302. 

-relation between position 

of, and object, for mirrors, 
290 ; for lenses, 308. 

Organ pipes, 385. 

Overtones, of closed pipe, 384. 

— of open pipe, 385. 

— of stretched strings, 374. 

Papin’s digester, 206. 

Parallax, 313. 

Parallel forces, equilibrium of, 64. 

-resultant of, 64. 

Parallelogram, of forces, 34. 

— of velocities, 32. 

Partial pressures, Dalton’s law 
of, 214. 

Pascal’s law, 102. 

— vases, 106. 

Pencil of light, 263. 

Pendulum, compensated, 159 - 

— seconds, 75. 

— simple, 74. 

Photographic camera, 323. 
Photometer, Bunsen’s, 259. 

— flicker, 260. 

— Rumford’s, 259. 

Photometry, 258. 

Pin-hole camera, 253. 

Pitch of a note, 370. 

Plane mirrors, 266. 

-multiple reflexions in, 267. 

Platinum thermometer, 529. 

Points, discharging action of, 
431 - 

Polarisation, electrical, 490. 

— of light, 357. 

— of voltaic cell, 494. 

Poles, consequent, 394. 

— of a cell, 459. 
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Poles of a magnet, 390; equality 
of, 401. 

-- strength, 405. 

Post-office box, 514. 

Potential, electric, 441, 442, 498. 
“ zero of, 443. 

Potential energy, definition of, 

„ S*- 

Potentiometer, 520. 

Pound, definition of, 3. 

Poundal, definition of, 23. 

Power, definition of, 49. 

— units of, 49 ; electrical, 499. 
Presbyopia, 327. 

Pressure, and volume, relation 
of, for a gas, 128. 

— arising from weight, 104. 

— at a point, loi. 

— atmospheric, 123; variation of 

with height, 126. 

— -curve for sound wave, 370. 

— definition of, 100. 

— gauges, 139, 142. 

in a liquid, loi j variation with 
depth, 104, 

— of mixture of gases and vapours, 

213. 

— osmotic, 246. 

— transmission of, 102. 

— units of, loi. 

— vapour, 203 et scq. 

Pr^ost, thco^ of exchanges, 233. 
Prism, deviation produced by, 295 

— dispersion, 341. 

— refraction through, 294. 

Proof plane, 425. 

Pulleys, systems of, 60. 

1 umps, air, compression, 132 ; 
exhaust, 132; vacuum, 135. 

— water, common, 136; force, 137. 

Quadrant electrometer, 445. 

Radiant heat, 247. 

— reflexion of, 361. 

-refraction of, 361. 

~ 77 relation of, to light, 360. 
Radiation, thermal, 223, 230. 

-absorption of, 233. 

-emission of, 231. 

-transmission of, 231. 

Radioactive equilibrium, 5C8. 
Radioactivity, 568. 

— artificial, 570. 

Radiography, 556. 


Radium, 567, 569. 

Radius of curvature, 279. 

Radon, 567. 

— measurement of, 570. 

— preparation of, 568. 

Rate of change, 9. 

graphical method of repre¬ 
senting, 10. 

Ray of light, 263. 

Rays, a-, yS-, 563, 564. 

— ultra-violet, 361. 

~~ X-, 555 et seq. 

Peaumur scale of temperature, 

151- 

Rectilinear propagation of light, 
.^ 53 - 

Reflexion of light, at a plane sur¬ 
face, 264. 

a spherical surface, 280. 

-laws of, 265. 

Reflexion of radiant heat, 361. 

— of sound, 366. 

— total internal, 375. 

Refraction of light, laws of, 271, 

272. 

-at a single surface, 273. 

-through a lens, 298, 304. 

-through a plate, 272. 

-through a prism, 294. 

~~ through a thin prism, 297, 
Refraction of radiant heat, 361. 
Refractive index, 271. 

-measurement of, 320; by 

microscope, 336. 

--spectrometer, 344. 

Regelation, 197. 

Relative humidity, 217. 

Resistance box, 512. 

Resistance, electrical, 502. 

effect of temperature 

529- 

-measurement of, 511 ; 

tangent galvanometer, 513 ,* 
by Wheatstone bridge, 514; 
by post-office box, 516. 

conductors in series, 
504 ; in parallel, 505. 

-specific, 507, 

Resolved parts of a force, 38, 
Resonance, 380. 

determination of velocity ol 
sound by, 3S2, 

— of columns of air, 3S1, 3S4. 
Resultant of two forces, 29, 63* 

— pressure, no. 

Rigidity, 83. 


on, 

by 
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rontgen (unit), 562. 

J^ont^en rays. See X-rays. 
J^uhmkorff QoW, 534, 

JRumford, experiments on pro¬ 
duction of heat, 238. 

— photometer, 259. 

Saturated vapours, 208. 

Scale of temperature, absolute, 
172. 

-Centigrade, 149. 

-construction of, 149. 

-Fahrenheit, 150. 

-Reaumur, 151. 

Scales of temperature, comparison 
of various, 150, 151. 

Screw, 60. 

— gauge, 4. 

Second, definition of, 4, 

Seebeck effect, 527. 

Shadows, 255. 

Short-sight, 325. 

Shunts, 506. 

Signs, optical convention as to, 290. 
Siphon, 138. 

— manometer, 141. 

Siren, 371. 

Solenoid, electric, 480. 

Solid, definition of, 92. 

Solutions, boiling-point of, 202. 

— freezing-point of, 202. 

— vapour pressure of, 214. 
Sonometer, 373. 

Sound, nature of, 367. 

— production of, 364. 

— reflexion of, 366. 

— transmission of, 363. 

— velocity of, 365, 382, 386, 3S8. 
Sound wave, pressure-curve for, 

370. 

Space-time diagram, ii. 

Spark, electric, 545. 

Specific gravity, 85. 

-determination of, by Archi¬ 
medes’ principle, 114; by 
hydrostatic balance, 114; 
by common hydrometer, 
116; by Nicholson’s hydro¬ 
meter, 117; by specific 
gravity bottle, 86 ; by U- 
tube, 108. 

Specific gravity bottle, 86. 

Specific heat of soliil, 185. 

•-of liquid, by method of 

mixtures, 185 ; by method 
of cooling, 237. 


Specific inductive capacity, 436. 
Specific resistance, 507. 

Spectra, absorption, 347. 

Spectra, of gases and vapours 

346. 

Spectrometer, 343. 

— measurement of refractive index 

_ 344 - 

Spectroscope, 343. 

— direct vision, 351. 

Spectrum, 341. 

— analysis, 347. 

— of sun, 347. 

— of X-rays, 560. 

Speed, 12. 

Spring balance, 26. 

Standard metre, 2. 

— yard, 2. 

State, change of, 243. 

States of matter, 91. 

Steelyard, 69. 

I Stretched strings, vibrations of, 

I c. . 372. 

! Surface tension, 94. 

-determination of, 95, 96. 

System of units, C.G.S., 7. 

-foot-lb.-second, 7. 

Tangent galvanometer, 468. 

-comparison of E.M.F. by, 

517. 

-comparison of resistance by, 

, 5 * 3 . 

Telegraph, electric, 465. 

Telephone, 543. 

Telescope, astronomical, 331. 

— Galileo’s, 334. 

— magnifying power of, 333. 
Temperature, 144. 

— absolute, 172. 

— measurement of, 144. 

— scales of, 149. 

— waves along a bar, 227. 

Thermal conductivity, 225. 

-of gases, 230. 

-of liquids, 230. 

Thermo-couple, 528. 

Thermo-electric currents, 527, 
Thermometer, air, 176. 

— alcohol, 148. 

— clinical, 154- 

— determination of fixed points 

of, 152. 

— liquid in glass, 147. 

— mercury, 153. 

— maximum and minimum, 154. 
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Thermometer, platinum, 529. 

— weight, 166. 

Thermometric 6uid, choice of. 

Thermopile, 528. 

Thcrraoscopes, 177. 

Thin prism, 297. 

7 'homson galvanometer, 472. 
Thrust and pressure, 99, 

Thrust, on a surface, 99. 

— resultant, on a solid, 112. 
Toepler pump, 134. 

Torricellian vacuum, 124. 

Torsion of a wire, 89. 

Total internal reflexion, 198. 

— reflexion prism, 277. 
Tourmaline, polarisation of light 

by, 357 - 

Ultra-violet light, 361. 

Units, fundamental, 4. 

— of electric charge, relation be¬ 

tween, 471. 

— systems of, 7. 

Unsaturated vapours, 209 et seq. 
Uranium, radioactivity of, 567. 

Vacuum pumps, 134 et sea. 

— Torricellian, 124. 

— tube, 535, 

Valves, 131. 

Vapour pressure, maximum, 203 ; 

determination of, 203, 205. 
“*— of solutions, 157. 

Vapours, saturated and un¬ 
saturated, 2 o8. 

— unsaturated, behaviour of, 209 

et seq. 

Variation of atmospheric pressure 
with height, 126. 

— of boiling-point with pressure, 

<53. 201, 204. 

Vector quantity, 13. 

Velocities, composition of, 27. 
Velocity, definition of, 13. 

— in different gases, 386. 

— in solids, 388. 

— of light, 355. 

— of sound, 365, 382, 386, 388. 

— temperature variation of, 389 
Velocity-ratio, 57, 

Velocity-time diagram, 24, 17. 
Vernier, 3, 

Vibration magnetometer, 411. 
Vibration of magnet in a uniform 
field, 411. 
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Vibration of stretched strings, 372. 
Virtual image, 265. 

Viscosity, 92. 

Vision, defects of, 325. 

— through a lens, 329. 

Volt, 499. 

Voltaic cell, 458, 493. 

Voltameter, copper, 487. 

— hydrogen, 487, 

— silver, 486. 

Voltmeter, 518. 

Volume, elasticity, 89. 

— measurement of, 3. 

Water barometer, 127. 

change of volume on freezine 
196. 

• equivalent of calorimeter, 183. 

187. ^ 

— expansion of, 166. 

— level, 2 10. 

— pump, 136, 237. 

— vapour pressure of, 222. 

Watt, 49, 501. 

Wave length of sound, 368. 

— -p- of light, 346, 360. 

Weight and mass, relation of, 24. 

— definition of, 24. 

— thermometer, 166. 

Wheatstone bridge, 514. 

Wheel and axle, 59. 

White light, nature of, 345. 
M^imsAurst machine, 4C6. 

Windlass, 59. ^ 

Work, 47. 

— absolute units of, 49. 
gravitational units of, 49, 

— measurement of, 48. 

— principle of, 57. 


X-rays, absorption of, 561. 

— measurement of, 562. 

— nature of, 556. 
photographic action of, 556,558. 

— production of, 558. 

— properties of, 556. 

— spectrum of, 560. 

X-ray tube, 559. 

X-ray unit, 562. 

Young's modulus, 90. 

Zero, absolute, of temperature, 
, < 73 - 

— of potential, 443. 
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